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ZnO Thin-Film Transistors for Cost-E cient Flexible Elect ronics
by Fabio Fedrizzi Vidor

Flexible and transparent electronics enable the integration of innative cost-e cient
products. One of the outstanding aspects of this technology is itgide range of appli-
cations; from exible and transparent displays to wearable electrics and RFID (radio-
frequency identi cation) tags for sensor networks employed, fanstance, in health moni-
toring systems. In this area, thin- Im transistors (TFTs) are the key elements which drive
the electrical currents in the devices. Conjointly, hybrid systemsombining high perfor-
mance silicon-based transistors for data processing and thin- Inmansistors for enhanced
user interactivity, emerge pro ting from the synergy of both tebinologies.

In this study, ZnO-based TFTs for exible and transparent electonics were inte-
grated and characterized. The fabrication processes were limitéol cost-e cient and
low-temperature methods compatible to large area exible substias; therefore, solution-
based techniques were primary applied. For the active semicondoigt ZnO precursors
and dispersions containing nanostructures of the material wereatuated; the latter de-
picting better compatibility with the integration process as well as higer performance
and reliability. As gate dielectric, poly(4-vinylphenol) (PVP) and a highk nanocom-
posite were employed. The transistors were structured in both iavted staggered and
inverted coplanar setups. On the one hand, the staggered sttues depict larger con-
tact area between the drain/source electrodes and the activensieonducting layer, hence
higher charge carrier injection. On the other hand, their coplanarounterparts pro t from
the late semiconductor deposition, which enables an e ective analyf the instabilities
concerning the transistor. To investigate the performance mets and reliability issues,
an extensive characterization of the transistors was performedAfter the main insta-
bility e ects were identi ed and mitigated, the TFTs were also integraed on polymeric
substrates. Aiming at the fabrication of compact and energy-e &nt devices, optical
photolithography was used for layer patterning instead of shadomask technique. Along
with the resolution of around 1 m achieved for multiple layer de nition, the employment
of freestanding PET substrates reproduces a more realistic saeo for a later large-
scale production. Dierent methods, namely spin- and spray-comig and doctor blade
technique, for the semiconductor dispersion deposition were intigated, leading only to
minor variations on the TFT electrical performance. The metrics othe integrated ZnO
nanoparticle TFTs are among the best reported for nanoparticleased transistors up to
date. Additionally, they are comparable to those of TFTs fabricaté using cost-intensive
techniques or high-temperatures processes.

In order to evaluate the ZnO TFTs in electronic circuit applications, inerters employ-
ing an active transistor in the pull-down network and a load transistoin the pull-up
network were integrated on rigid and on exible substrates. FurtBrmore, the dynamic
characteristics of such inverters were analyzed in ring oscillator cuits. Finally, by an
adaptation of the photolithography, self-alignment processes meused to reduce the tran-
sistor's parasitic capacitances as well as to pattern the semicorading layer in order to
avoid cross-talk e ect between devices. Furthermore, a complemtary design usingn-
type inorganic andp-type organic TFTs is evaluated.
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ZnO D wennschichttransistoren f wr eine kosteng enstige exible Elektronik
von Fabio Fedrizzi Vidor

Flexible und transparente elektronische Schaltungen emglichen eine Integration von
innovativen und kostenginstigen Produkten in einem breiten Anwendungsspektrum, z. B.
von exiblen und transparenten Displays #ir tragbare Elektronikprodukte bis hin zu RFID
Funketiketten, entwickelt fur Sensornetzwerke im Bereich des Gesundheitssektors. Hier-
bei sind Deinnschichttransistoren (TFTs) die Schlisselelemente zur Steuerung des Strom-
usses in den Bauelementen. Ferner erscheinen hybride Systermem einen aus hochfre-
guenten Siliziumtransistoren ér die Datenverarbeitung, zum anderen aus éhnschicht-
transistoren zur Erhohung der Interaktivitat mit dem Nutzer, pro tabel, da sie in Synergie
die Vorteile beider Technologiezweige vereinen.

Wahrend dieser Arbeit wurden TFTs auf ZnO-Basiseir die exible und transparente
Elektronik integriert und charakterisiert. Der Herstellungsprozes war auf kostengn-
stige Methoden, die eine Kompatibiliat mit gro achigen exiblen Substraten aufweisen,
beschmnkt. Aus diesem Grund wurden hauptachlich lesungsmittelbasierende Verfahren
verwendet. Fur den aktiven Halbleiter wurden Pekursoren und Dispersionen, die ZnO-
Nanostrukturen enthalten, bewertet. Hierbei zeigten die Dispsionen neben ihrer besseren
Kompatibilit at mit den Integrationsprozessen einedhere Leistunggihigkeit und Bes&n-
digkeit. Als Gate-Dielektrikum wurden Poly(4-vinylphenol) sowie ein hig-k Nanokom-
positlack eingesetzt. Die TFTs wurden sowohl im inverted staggetels auch im inverted
coplanar Aufbau strukturiert. Einerseits weisen die inverted stagered Strukturen eine
gre ere Kontakt ache zwischen den Drain/Source Elektroden und der aktiven Halbert
schicht und damit eine verbesserte Ladungstgerinjektion auf. Andererseits pro tiert die
coplanare Bauform von der sgten Halbleiterdeposition, welche eine e ektive Analyse der
Instabilit aten wahrend des Transistorbetriebs ereglicht. Nachdem die Hauptursachen
fur Instabilit aten wahrend des TFT-Betriebs identi ziert und reduziert wurden, erfd-
gte die Integration auf polymeren Substraten. Um die Herstellungom kompakten und
energiee zienten Bauelementen zu ermglichen, wurde die optische Fotolithographie mit
einer maximalen Au esung von 1 m verwendet. Ferner zeigte der Einsatz von freistehen-
den PET Substraten ein realistischeres Szenarierfeine smtere, reproduzierbare Herstel-
lung von gro achigen Produkten. Obwohl verschiedene Halbleiterdepositionstimeden
untersucht wurden, zeigte sich nur eine geringgige Variation in den Charakteristiken der
TFTs. Die elektrischen Charakteristika der in dieser Arbeit integrieien ZnO-Nanopartikel
TFTs geheren gegenwrtig zu den Besten der auf Nanopartikel basierenden TFTs und
sind sogar mit der Leistunggfhigkeit von Deinnschichttransistoren vergleichbar, die mit
kostenintensiven Techniken oder Hochtemperaturprozesserrdpestellt wurden.

Um megliche Anwendungsgebietesif ZnO TFT Schaltungen zu untersuchen, wurden
Inverterschaltungen und Ringoszillatoren auf starren und exible Substraten hergestellt
und analysiert. Durch die Anpassung der verwendeten fotolithogphischen Prozesss-
chritte wurde zum einen die Selbstjustierung der Drain/Source Elétoden zur Reduzierung
der parasiwmren Transistorkapazigaten erreicht. Zum anderen konnte hierdurch die integri-
erte Halbleiterschicht strukturiert werden, um Crosstalk-E ekte zwischen den einzelnen
Bauelementen zu vermeiden. Weiterhin wurde ein komplememes Design unter Verwen-
dung von anorganischem-Kanal und organischermp-Kanal TFTs evaluiert.

Vil
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Transistores de Imes nos de ZnO para a eletrdnica
exvel e de custo e ciente

de Fabio Fedrizzi Vidor

A eletrbnica exvel e transparente proporciona a fabricaca de produtos inovadores e
de boa relacao custo-benefcio. Uma das vantagens destanelogiae sua amplaarea de
aplicacees; desde telas exveis e transparentes at eletnca vestvel e etiquetas RFID
(identi cacao por radiofrequéncia) usadas em rede de senssy por exemplo, para mon-
itoracao de saude. Nestas areas, transistores de Imes mo (TFTs) sao os elementos
essenciais para a condwcao de corrente ektrica no dispositivdem disso, sistemas hbri-
dos, que combinam transistores de silcio para o processament® dados e TFTs para a
melhoria da interatividade do usuario, emergem bene ciando-se danergia de ambas as
tecnologias.

Neste estudo, TFTs utilizando ZnO sao integrados e caracterizegdvisando a eletrbnica
exvel e transparente. Os processos de fabricacao foram litados a netodos de baixo
custo e compatveis a substratos exveis com grandes supecfes; portanto, ecnicas que
utilizam solucees foram preferencialmente aplicadas. Para o seomdutor ativo, precur-
sores de ZnO e dispersees contendo nanoestruturas desteentforam avaliados; sendo
gue aultima variacao apresentou melhor compatibilidade com os pcessos de integracao
assim como melhor performance e con abilidade. Como diektrico gmrta polivinilfenol
(PVP) ou um nanocomposto de alta performance foi usado. Os trsistores foram estru-
turados nas con guraceesnverted staggerece inverted coplanar Enquanto a estrutura
staggeredapresenta maiorarea de contato entre o semicondutor e os catus de dreno
e fonte, logo uma maior injecao de portadores; a estrutu@planar tem a vantagem da
tardia deposcao do semicondutor, o que permite uma melhor avak® dos efeitos de
instabilidades. Para uma melhor avaliacao dos transistores, umgtensiva caracterizacao
ektrica foi conduzida. Aps os fatores crticos responsaeis pela instabilidade dos TFTs
serem identi cados e mitigados, os dispositivos foram integrados esubstratos exveis.
Visando a integracao de dispositivos compactos, litogra aoptie foi utilizada para a es-
truturacao dos Imes ao inwes de shadow masks Aem da resolucao de cerca de 1m
alcarcada, o uso de substrato sem xacao reproduz um ceaia mais realstico para pro-
duwcao em massa. Tamtkem, diferentes netodos para a depoab do semicondutor foram
avaliados, resultando em variacees mnimas nas caracterstisaktricas dos TFTs. Abm
disso, estas caractersticas estao entre as melhores repdasipara TFTs com nanopartcu-
las de ZnO at o0 momento. Elas tamkem sao comparveisas deansistores produzidos
com Etcnicas de alto custo e altas temperaturas.

Visando a aplicacao dos transistores em circuitos eletronicosyansores utilizando um
transistor de controle na rede deull-down e um transistor de carga na rede dpull-up
foram integrados em substratos rgidos e em exveis. Osciladoseem anel tamkem foram
fabricados para a caracterizacao dinamica dos dispositivosedl disso, uma adaptacao no
processo fotolitoga co (auto-alinhamento) foi demostrada am de reduzir capacitancias
parasitas e estruturar o Ime semicondutor (para reduzir efeito @lcross-talk). Por m,
um design complementar utilizando transistores inorganicos (tige) e organicos (tipoP)
foi avaliado.
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CHAPTERL

INTRODUCTION

Products and applications using transparent and exible electrongcare widely connected
to a futuristic scenario. They were explored by novels, such as tk®&hape of Things
to Come" from H.G. Wells in 1933, and by Ims, such as \Barbarella" basd on Jean-
Claude Forest's comics in 1968. The animation studio Hanna-Barbeatso explored some
aspects of future daily artifacts through \the Jetsons" cartoas in the 60s and 80s. Some
of the recent Hollywood productions, such as Minority Report (2@0) and Ironman (2008,
2010 and 2013) also give us insights of future applications for exibknd transparent
electronics and how they can be integrated in our lives. These futstic visions and ideas
motivate the scientic community as well as companies to develop anid employ this
technology.

Flexible and transparent electronics enable the fabrication of innative products mak-
ing use of di erent aspects of the applied materials and compound§ome concepts of
applications which take advantages of these characteristics at@os/n in Figure 1.1. The
integration of transparent displays, for example, increases thetémactivity of the user
with the surrounding environment. Moreover, by employing a exiblesubstrate, inte-
grated sensor networks can be used as wearable electronic skimsbéng, for instance,
collection and analysis of body functions for sports and medical dpgations. The food
industry can also prot from this technology: cost-e cient radio-frequency identi cation
(RFID) tags can be employed to monitor food quality and storage acalitions in real
time. For these applications, thin- Im transistors (TFTs) are comnonly used as active

17



1 Introduction Paderborn University

Figure 1.1: Concept applications of transparent and exible electronics in the eld of displays,
sensor networks for medical monitoring and for sport activty, and RFID tags for the
food industry.

circuit elements. The advantages of this type of transistors ardghe integration process
almost independent of the substrate (generally used just as megtical support), and the
opportunity to apply a wide range of materials in its structure. Neveheless, the TFT
technology is not to be seen as a substitute for crystalline silicon (S3ased transistors
in the high performance market. This technology should act promoig new products
and applications, being implemented in most cases in hybrid systems, improve data
acquisition and user interface.

As this technology avails a wide range of products, the developmeaftnew systems itself
can be time and cost intensive; one of the main issues is dealing with tieasibility and
with the complexity of the whole project. Therefore, the use of afraction levels leads to a
more e ective development of the technology. Figure 1.2 shows axaenple of a schematic
design of abstraction levels for transparent and exible systemsdn this particular case,
the main focus has been given to its electronic part, nevertheledsetsame method can
be also directed to the mechanical and aesthetic aspects of th@guct. Each abstraction
level can use the previous one as a black box or as a model avoidingaegessary internal
complexity and focusing on the developing of the current level elemts. In the example of
Figure 1.2, the system was divided into di erent levels in order of incesing abstraction:
materials, devices, circuits, modules, and the system itself. Thecfes of this study is

18



Sensor Technology Department

//

Inputs =—p

—> Outputs

=
pmmmm———

Figure 1.2: Schematic design of abstraction levels for exdle and transparent systems. The
selection in red depicts the levels covered in this disserten.
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placed in the device level; however, a merge with both frontiers (nmexials and circuits)
is also covered.

The purpose of this dissertation is the development of cost-e cigninorganic-based
thin- Im transistors and circuits on exible and transparent substrates employing low-
temperature processes. Aiming at reduced costs, solution-bageaterials are preferred
for the integration of the TFTs. The use of solution-based techniges ful lls the large area
integration and exible substrates requisites, while exhibiting advalages when compared
to cost-intensive vacuum-based processes. Among inorganic eratls, metal oxides dom-
inate the sector with di erent compounds and deposition methodsyhich can be selected
depending on the system requirements [WS09, FBM12, PM\(6]. Zinc oxide (ZnO)
has emerged as a primary compound in this eld, possessing outstiamy electrical and
chemical characteristics as well as being transparent to the visidlght spectrum. There-
fore, solution-based processes employing either ZnO precursars: dispersion containing
nanostructures of the material are chosen for the formation @tfie active semiconducting
layer. Besides the investigation of di erent gate dielectric materialas well as deposition
methods for the semiconductor, it is also an objective of this study identify and min-
imize the agents responsible for instabilities e ects in the transistooperation. Further
studies should be conducted to analyze the TFTs characteristicpon di erent transistor
structures on either rigid (oxidized Si or glass wafer) or on polymersubstrates. More-
over, the integration and evaluation of the transistors in digital cicuits, e.g. inverter
circuits and ring oscillators, is also sought.

1.1 Structure of the Work

Initially, the fundamentals concerning thin- Im transistors and exible electronics are
presented in Chapter 2. The discussion comprises the intrinsic atiutes of the active
semiconducting material employed in this study, important aspecteelated with TFTs,
such as its history and a comparison with high performance Si-basgédnsistors, as well
as their operation properties, modeling and electrical characteaitzon.

Chapter 3 is devoted to the integration process of the transisteon rigid and on exible
substrates. Therefore, TFT basic structures and each of its mponents are addressed.
Although the focus is given to the processes and methods applied mst study, a general
overview of the most used techniques and materials found in the litgure is given.

20
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The electrical characterization of the TFTs are mainly presented i€hapter 4. Tran-
sistors integrated employing ZnO precursor or nanoparticles as lwas a discussion con-
cerning the electron ow mechanism in the nanoparticulated semicdacting Im and its
e ect on the transistor's current are described. Along with the IV curves, qualitative
models representing the TFT behaviors are given and analyzed.

Chapter 5 addresses the performance of circuits integrated elmyng the ZnO-based
TFTs. Whereby, inverter circuits integrated using load-transistes in the pull-up network
and active-transistors in the pull-down network on rigid and on exille substrates are an-
alyzed. Additionally, their dynamic characteristics (ring oscillator cicuits) are evaluated.

Improvements for the integrated circuits and devices are preded in Chapter 6. Ap-
proaches such as the reduction of parasitic capacitances and aiss-talk e ects, imple-
mentation of a complementary design applying both-type ZnO-based TFTs andp-type
organic-based TFTs, and evaluation of further deposition methadfor the active semi-
conducting material are addressed.

Finally, in Chapter 7, the main conclusions of this dissertation as wellsafuture per-
spectives for ZnO-based TFTs and exible electronics are discudse

1.2 Remarks on the Reference Style

Third party authors are represented by [XXXYY], where \XXX" is th e author's initials
and \YY"is the publication year.

The references | am author or co-author are numberede. [1],[2],..., chronologically
and categorized as presented in SectiolRublications Therefore, when these references
are cited in this dissertation, they will not follow an ascending numetean. This method
was chosen to state in a clear way to which of the references thetar of this dissertation
has contributed.

21






CHAPTERZ

FUNDAMENTALS

Since its conception at the Bell Laboratories in 1947, the transisttnas become one of
the most important cornerstones of technology development. @ently, transistors are
employed in a wide array of applications, such as computers, teleaoomications, data
storage and sensor networks. For the future, the mass contigity predicted by the
Internet of Things (IoT) and the Internet of Everything (I0E) has placed the transistor
in a pivotal role of scientic and economic development. ThereforeSi-based devices
are expected to be found in almost every application in nearly any eld The use of
Si as the primary active semiconducting material in microelectroniosas mainly driven
by a high quality and stable oxide - silicon dioxide (Sig¢). In the 60s, Gordon Moore
projected that the semiconductor industry would double the numér of components on
a chip every two years [Moo65], which has led the industry to constén push further
the technology boundaries to maintain the trend. Therefore, emethough the core of
the silicon metal-oxide-semiconductor eld-e ect transistor (MO%ET) has remained the
same over the years, several technological adaptations on itsustures have been made.
Innovative approaches, on device level and on circuit design levekr& used to solve the
non-idealities issues inherent from the current small dimensions dfet devices. At rst,
the main focus was to improve the device performance. Nowadaysp main trends are
observed for silicon-based devices, one focused on the perforceae.g. servers) and the
other on low-power consumption €.g. portable applications).
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Figure 2.1: Evolution of the transistor technology and its goplications. (* Image from Google
Inc.)

Besides the improvements in the microelectronic technology to avdlile integration of
billions of transistors in a single chip with e ective computational poweg there are other
applications that do not necessarily require high performance andgh device density. The
possibility to fabricate devices on large area substrates using loertperature processes
and exploring the materials characteristics in a wider range expantie device application
elds. This approach bene ts applications such as chemical and biaaal sensor networks,
active matrix elements for pixel driving in displays, RFID tags, wearale and exible
electronics, for instance. For these purposes, thin- Im transists are the key elements for
the driving currents in the system. They are less cost intensive thalOSFETSs, and they
are used in applications where high performance is not the main regennent, as shown
in Figure 2.1. Moreover, this sort of transistors is not planned to ba substitute for
the crystalline-Si-based transistors in the high performance mak The main goal of this
technology is to add new functionality to already existing and newly eated products and
applications, giving rise to hybrid systems. In this way, the main datenanagement is done
by high performance transistors, whereas the data acquisition érthe user interaction
features are accomplished by exible and transparent TFTs.

Regarding the density of integrated devices per unit area, anothdi erence between
the TFT and MOSFET markets is observed. Figure 2.2a depicts the elution over the
years for both technologies. While high performance MOSFETSs ardldollowing Moore's
law with the number of transistors doubling every couple of yearshé TFT technology has
mainly focused on stability, reproducibility and cost reduction of fabication processes,
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Figure 2.2: Comparison between the MOSFET and TFT technologes concerning (a) the number
of transistor per unit area and (b) the substrate/die size ower the years. Plots are
approximations of Moore's Law, and of current data from MOSHETs [Hrul4] and
TFTs (based in the display market) [Str09]. Adapted from [Fral5].

which are independent of the substrate size. The scenario asstatdao the substrate/die
size is the opposite. Even with the signi cant increase of the wafeize (diameter of around
300mm) in modern MOSFET production, the die size for a single chip ha®t notably
increased in order to maximize the yield and reduce the costs. Corsaly, the integration
of TFTs bene ts from the development of processes suitable to 3@ area substrates; thus,
a rapid increase of the substrate size along the years is observE@jre 2.2b).

The basic concepts of TFT integration and operation are not new. he rst patent
regarding its functionality dates from 1933 [Lil33], years before thpresentation of a
operating device by Weimer in 1961-1962 [Wei61, Wei62]. He describted FT using
polycrystalline cadmium sul de (CdS) as the active semiconductor,ad (Au) for the
metal contacts and silicon monoxide (SiO) as the gate dielectric. Comtly, vacuum
techniques were used in the integration process as well as shadoasks for the struc-
turation of the layers. Around the same time, transparent metabxide TFTs were also
investigated, as for example, the SnEbased TFTs on a glass substrate presented by
Klasens and Koelmans [KK64]. They were integrated employing aluminu(Al) for the
metal contacts and aluminum oxide (AdO3) as gate dielectric; however, the main focus
was given to a self-aligned procedure for the drain and source etedes, and not to the
materials themselves. ZnO-based TFTs were rst reported by Bseen and Jacobs in
1968 [BJ68]. Nevertheless, these TFTs showed inferior perfornsanin comparison with
the emergent MOSFETs [HH63] which depicted remarkable electricatoperties suitable
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for integration in high performance systems. Despite MOSFETs beajnthe focal point

of the technology, TFTs have found a market niche: the controlfeeach pixel in liquid

crystal displays (LCDs), as proposed by Lechnest al. in 1971 [LMNT71]. Just in 1979
with the introduction of hydrogenate amorphous silicon (a-Si:H) asciive semiconductor
material, the TFTs have become interesting as switching element in 103 maintaining

low production costs, good reproducibility and uniformity on large aa substrates, as
well as adequate electrical characteristics. Their performanceasvimproved by the em-
ployment of polycrystalline silicon (poly-Si) as active semiconductor K03]. However, in
this case, high-temperature processes are required unavailing fhtegration on soda-lime
glass. Another approach is the use of a low-temperature procdss the deposition of
poly-Si, which drastically increases the production costs [LKT91, LTK* 91].

The introduction of organic semiconducting materials in the 90s hassa impacted the
TFT technology [Sirl4]. Organic-based TFTs presented electricaharacteristic compa-
rable to a-Si:H-based transistors [GHPF90], despite using low prosigy temperatures.
Organic compounds were considered as one of the future materi@s TFTs integration
and thus the future of exible electronics. Dierent kinds of thiophene derivates and
pentacene were analyzed evaluating their performance for TFTdenology [Sirl4]. Even
presenting good electrical characteristics, degradation e ectiie to humidity and oxida-
tion in ambient atmosphere limited the life-time of such systems and evented a straight
forward employment of these compounds [Sirl4, PDHO4]. As a solutjgassivation lay-
ers or encapsulation were required to avoid these e ects, incra@ag production costs. On
the other hand, new synthesized thiophene derivates, such as DNand Cg{BTBT,
have shown better electrical stability to ambient air due to their largr ionization po-
tentials. Therefore, they are currently researched by di erengroups and institutions
[ZAK™ 11, Sirl4, LML 11]. While p-type organic-based TFTs performance has improved
signi cantly over the years, n-type transistors are still under research and struggling to
achieve comparable electrical characteristics [Sir14].

In this scenario, another group of inorganic compounds has reeged as a solution for
the integration of n-type TFTs at low cost and for transparent electronics: the metaoxide
compounds. Aside from the rst trials using them as active semicondtor in TFTs in the
60s, metal-oxide-based TFTs have attracted worldwide attentiowith the reports from
Ho man et al. [HNWO03], Masudaet al. [MKO * 03] and Carciaet al. [CMRNO03] in 2002-
2003. The main aspects reported in these works are: (I) the similar even better perfor-
mance in comparison to a-Si:H-based and to organic-based TFTs |) (the feasibility to
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integrate fully transparent TFTs using just oxides-based materla [HNW03, MKO™* 03],
and (ll1) the deposition of the layers at room temperature using adio-frequency (RF)
sputtering technique [CMRNO3]. After these publications, the numér of scienti c groups
researching metal oxides increased signi cantly aiming towards germance improvement,
without employing high-temperature processes or increasing thests of the fabrication.
TFTs based on binary compounds such as ZnO, J0; and SnGQ, were primary stud-
ied. However, with the introduction of complex compounds as InGaD (GIZO) by
Nomura et al. [NOU* 03], other oxide compounds such as ZnSnO (ZTO), InZnO (1Z0),
INnGaO (IGO) and GazZnO (GZO) were also investigated as possible agt semiconduc-
tors [HMWOQ09, PYBL08, ETT*12, VKJ* 08]. Aiming at a higher performance, vacuum
processes, such as sputtering technique and atomic layer deposit(ALD), were used
enabling denser Ims at low temperatures [FPP04, LKKPO7, PHJ* 08]. Nevertheless,
such Ims have still high production costs due to the required vacuu systems. More-
over, when large area substrates are used, the equipment sizgrans the maximum size.
In order to reduce production costs and to enable the integratioan larger substrates,
solution-based techniques have gained signi cant attention, praling cost-e cient de-
vices. One of the main advantages of employing solution-based maks (nanoparticles
dispersion and precursors) is the variety of possible deposition rhetls. Spin-coating
is still the most used and reported one by the scientic community [KK14, DJS" 15];
although alternative techniques, like inkjet printing, spray-coatig, doctor blade, gravure
imprinting and Meyers rods, allow the integration of low-cost devicesn large area and
exible substrates either using organic or inorganic compounds anttherefore, are actively
researched [YGA 14, DTG" 13, MAH* 08, MSR'" 14, PMV* 16, YPPK14].

The Paderborn University has also contributed to the TFT technolgy development
for both organic- and inorganic-based transistors. A review of ¢hwork aiming at the
integration of exible electronic systems done at the Sensor Tecblogy Department can
be found in [6]. Starting with pentacene-based TFTs, degradationeets on organic com-
pounds as well as the evaluation of dielectric layers were studied. i®Wing to inorganic
semiconducting materials, the focus was given to Si-nanoparticladed TFTs. On ac-
count of the oxide shell observed on the Si nanoparticles, the tsistor performance is
limited. For this reason, metal oxide nanoparticles as ZnO, in which aimsulating shell
is absent, were evaluated and showed better electrical charagiécs [33]. In line with
previous researches from the group, the main topic of this dissatibn is the integration
and characterization of ZnO-based TFTs using exible substratefor the low-cost sector.
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Prior to the analysis and discussion of the TFTs, a review of the mairharacteristics
related to the active semiconductor (ZnO) and to the TFT functiomlity is presented.

2.1 ZnO Properties

As discussed previously, inorganic materials, in particular metal-oxédcompounds, exhibit
inherent properties to be employed in low-cost applications. Amongeém, ZnO-based ma-
terials have shown promising characteristics, not only based on thelectrical properties
but also due to their chemical, sensorial and optical ones [JP06]. Evihnough the growing
interest in ZnO for its semiconducting characteristics is recent, ghcompound itself has
been used in other areas for over a century. The employment of@nn cosmetics and in
health care products as facial powders, ointments and sunsareeas well as in catalysts,
lubricants additives, paint pigmentation, piezoelectric transduce, varistors and transpar-
ent conducting electrodes shows the wide range of applications ahé versatility of this
compound. The main applications concerning its semiconducting pregties are related
to blue/UV optoelectronics and to its employment as active semicondtor material for
the integration of transparent and exible transistors and solar ells.

ZnO belongs to the group-1I-VI binary compound semiconductorand it crystallizes in
wurtzite, zinc blend and rocksalt structures QAL * 05, Kli07]. At ambient conditions, the
thermodynamically stable phase is the wurtzite crystal structureshown schematically in
Figure 2.3. This hexagonal lattice is characterized by two intercometing sublattices of
Zn?* and O?{, such that each cation is surrounded by four anions at the correof a
tetrahedron and vice versa@AL* 05, Kli07]. This atom arrangement is typical of sp
covalent bonding; nevertheless, it also depicts a substantial ionibaracter. Therefore,
ZnO is a semiconducting material, whose ionicity resides on the bortiee between cova-
lent and ionic semiconductor. Additionally, ZnO is a direct semiconduttg material as
the global extrema of the uppermost valence and lowest conducatibands are aligned at
the -point at the Brillouin zone. The band gap is about 344 eV at 42K [KIi07]. The
minimum of the conduction band is formed by the empty 4 s states ohé Zr** or the
antibonding sp® hybrid states. The maximum of the valence band is originated from ¢h
occupied 2 p orbitals of the & or from the bonding sg orbitals [MAH* 04, Kli07]. The
ZnO uppermost part of valence band is split into three statesA;, B and C) by spin-orbit
and crystal- eld splitting [MAH * 04, KIi07]. The ZnO fundamental band gap diagram at
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Figure 2.3: ZnO's wurtzite crystal structure. One unit cell is outlined (dashed line) for clarity.
Adapted from [JPO6].
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Figure 2.4: Schematic band gap of ZnO at the -point consideing the crystal- eld and spin-orbit
splitting of the valence band at 42 K. Adapted from [MAH * 04, Kli07].

low temperature (42 K) is shown in Figure 2.4. At room temperature (300 K) the band
gap is about 33 eV [MAH* 04].

Despite the prediction that ZnO is an intrinsic semiconductor, it is prdominantly
found asn-type semiconducting material. The nature of the residual-type conductivity
is attributed either to the presence of a high concentration of nate defects in the form of
oxygen vacancies (V) and zinc interstitials (Zn;), or to hydrogen, which occurs exclusively
in the positive state in ZnO;i.e. it always acts as a donor [JP06, JVO5, JV0O7]. The
exact origin for the n-type conductivity without an aimed doping is still under debate
and not entirely understood [JP06, JVO7,OAL* 05, Kli07]. For the n-type doping of
ZnO, elements from the group-lll as Al, Ga, and In substitute theZn, or elements from
the group-VII as CI and | substitute O from the ZnO crystal stricture acting as donor
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dopants [KSMYO02]. Then-doping of ZnO has already been investigated by several groups;
as a result, high quality and low impedanca-type ZnO Ims are achievable [ABD 95,
MBL*97, KCH"00, LSL*03]. On the other hand, the obtaining of reproducible and
reliable p-type ZnO is quite di cult, because of the carrier compensation by ative defects

of ZnO [Wal94, PZW02, LJS 03, FBM12, PMV™ 16].

The interaction of metal-oxide compounds with the ambient air has le® focus of re-
search of di erent scienti ¢ groups [Con10, Rot04, MSF13, JP06, CZ92]. Zinc oxide is
also in uenced by this interaction, hence it is also applied as gas sen$dor81, Hir85,
XPSTO00, FLO5]. Water and oxygen molecules have a signi cant impadh the conduc-
tivity of ZnO Ims [Hir85, JWS * 08, Wan04] as they are reported to be chemisorbed or
physisorbed a ecting the charge carrier concentration and disbution in the semicon-
ducting Im [Mor81, LDS*09]. The e ect of water and of oxygen molecules as well as
the in uence of UV-irradiation on ZnO and on nanoparticulated ZnO Ims (used for the
TFT integration) are discussed in Section 4.2.

There are di erent methods to achieve high quality ZnO, which depehon the restrains
and requisites of the intended application. Most of the high quality ntarials are targeted
for acoustical and optical devices as a crystalline growth is soughtlethods as RF mag-
netron sputtering, molecular-beam epitaxy (MBE), pulsed-laseraposition (PLD), metal-
organic chemical-vapor deposition (MOCVD) and hydride or halide vap-phase epitaxy
(HVPE) allow a ne control of single crystalline ZnO growth OAL* 05, Kli07]. With the
improvement of the ZnO growth technology, it is feasible to fabricat ZnO nanostruc-
tures. They are available in several forms: nanobelt, aligned naniogvarrays, nanotubes,
array of propellers, mesoporous, nanowires, cage and shell stawes, nanosprings and
spheres [FLO5, Wan04, JP06]. Each of these con gurations showdstinct properties,
which enhance or reduce the e ects of speci ¢ surfaces of the @rcrystalline structure
[FLO5, Wan04, JP06, NQW 08]. For instance, nanowires commonly possess a high length-
to-width aspect ratio highlighting speci ¢ surfaces. This outcomeogether with the form
of the nanostructure itself, in uences the usability and the perfonance of each structure
according to the application eld.

Considering the electrical characteristics, the large direct bandg of the ZnO has some
interesting properties as, for instance, high breakdown voltagesbility to sustain large
electric elds, low noise generation and high temperature operatiof@AL* 05, Kli07].
Conjointly, ZnO is predicted to be insensitive to the visible light spectrm; therefore,
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when the material operates under light exposure, no protectiveowering is required to
avoid light induced instabilities, reducing production costs when conaped to light sen-
sitive materials. The electron transport in ZnO materials can be dividkin: electron
transport at (1) low electric eld and at (Il) high electric eld. When the thermal energy
of electrons is higher than the energy gained from the applied eldhé energy distribu-
tion of the electrons is una ected by the electric eld. Thereforethe mobility is mainly
determined by scattering mechanisms and it is independent of the @@d electric eld,
hence the Ohm's law is valid QAL* 05]. The major scattering mechanisms that govern
ZnO materials are related to Coulomb scattering from ionized impuriteeor defects, polar
optical phonon and piezoelectric scattering, and acoustic-pham@cattering through de-
formation potentials [OAL* 05]. In the case when the energy gained by the external eld
is no longer negligible, the electrons turn into hot electrons (the ekeon temperature is
larger than the lattice temperature), and the transport is charaterized by the onset of
ballistic transport or by velocity overshoot phenomenon@AL* 05, SNO7].

For low electric eld, Albrecht et al. [ARL* 99] predicted, using Monte Carlo simulation,
an electron mobility of undoped single crystalline ZnO to be about 300@V s ! at room
temperature. In practical terms, the charge carrier mobility in Z©® is conventionally
extracted using Hall e ect, which gives insights into the carrier cotentration and its type.
The highest bulk mobility of a single ZnO crystal at room temperaturevas extracted to be
about 205cntV 1s ! with a carrier concentration of 6 10**cm 3 [LRS" 98, LHS99]. Due
to carrier freeze-out e ect, at 8 K the conduction is mainly deternmed by hopping e ect.
Above this temperature a combination of band conduction and hojpg occurs, whereas
above 40K band conduction is dominant and at 50K a mobility peak valuef about
2000cmV !s ! is observed, as validated theoretically and experimentally by [LRS8].
Nevertheless, depending on the growth technique, on the crylitae orientation used for
the ZnO crystal or Im, and on the defect density, the charge caier mobility at room
temperature is reduced. It varies from below 100&¥ 's ! to around 150cmV !s !
[IFN*00, MSKYO02, EFI03, KLW* 03].

For high electric elds, Monte Carlo simulations were also used to pred the drift
velocity versus electric- eld characteristics for bulk ZnO [ARLE99]. The rst change
(lower increase) in the drift velocity at room temperature occurstas0kVem !, and a
peak value of 3 10’ cms ! is observed at 250 kVcm?; increasing the electric eld further
leads to a decrease of the drift velocity [ARL99]. Commonly, these high electric elds
are not achieved during device operation; however, with the devisealing down to the
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submicron range, transient transport may occur at the gate dial&ric interface of a eld-
e ect transistor, as observed in Si-based MOSFETAL* 05, SNO7].

The previously discussed electron transport characteristics veeextracted and ana-
lyzed for bulk and crystalline ZnO Ims. For polycrystalline and nanopdiculated Ims,
grain boundaries have a strong in uence on the charge carrier traport. Considering the
nanoparticulated Im from Figure 2.5, which is formed by spherical spe nanopatrticles,
the charge carriers that are above a threshold depthd{) are free to ow through the
Im, whereas the ones under this depth are considered trapped [QNWH08, OH10]. The
carrier concentration at the interface can be in uenced by the gpication of a transver-
sal electric eld, as the one applied when a gate electrode is used inaneentional eld
e ect transistor structure (discussed in the next subsection).Additionally, due to the
interaction with the atmosphere and to the interface states, th@anoparticle surface is
commonly depleted [MFN 04, KIli07, PFN* 16]. Therefore, the electron ow through a
nanoparticulated Im is a ected by the barrier energy at the interface between neigh-
boring nanoparticles and by the internal grain structure and carer concentration of the
nanoparticle [MFN" 04, HNT* 04]. The charge carrier transport through grain boundaries
induces the formation of a nanoparticle network; thus, the Im dejgts paths with high
and low impedances [Meu99]. The mechanisms that govern the eleotrow in the Im
are the tunneling through the barrier (direct or Fowler-Nordheim Jen03] tunneling), the
thermionic emission, the Frenkel-Poole emission [Fre38a, Fre38b, 98), the hopping ef-
fect, and the space-charge-limited current conduction [Chil4, &11]. The voltage and
temperature dependences of each transport process are usgoerimentally to identify the
main mechanism responsible for the charge carrier transport [SNOWol has reported,
using a vertical structure, that the electron transport mechaism in ZnO nanoparticu-
lated Ims is mainly determined by Frenkel-Poole emission for low electrields, and
by space-charge-limited current conduction when the applied elect eld is increased
[Wol11]. Nevertheless, the transport mechanism strongly depends the treatments per-
formed on the nanoparticulated Im, such as annealing processes) the chemical stress
su ered during the integration process, as well as on the Im morpblogy, such as grain
boundaries density and nanoparticles characteristics.

For the transistor integration, ZnO precursors and ZnO nanopé#cle dispersions have
been used. The main characteristics regarding the integration press, as deposition
methods, chemical reactions (for the ZnO precursors) or fabaitton processes (for the
nanoparticle dispersions), and material characterization are reged in Section 3.2. Due
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Figure 2.5: Schematic model of the interface between a nanapticulated (spherical shape) semi-
conducting Im and an insulator (gate dielectric). The charge carrier ow through

the nanoparticles and which carriers are trapped or free regrding the nanoparticle
size are shown. Adapted from [MFN 04, OMNHO08, OH10].

to the transport mechanism through a non-crystalline Im, there a favorable current
paths (percolation paths) in the semiconducting Im. Hence, trap etivity at specic
current paths may lead to a discrete uctuation of the transistorcurrent. The origin of
this e ect and its in uence in the transistor's electrical characterstics are discussed in
Section 4.2.1.

2.2 TFT Principles, Operation and Characterization

In this section, the main aspects regarding TFT operation are disssed. First, the metal-
semiconductor contacts are presented; they a ect the TFT el&gcal characteristics and
are responsible for the injection of charge carriers into the semmnztuctor. The discussion
is followed by the TFT operation modeling and nally the TFT electrical dharacteriza-
tion with the main electrical parameters as well as the methods useéd characterize the
transistors integrated in this study.
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2.2.1 Metal-Semiconductor Contacts

The operation of the TFTs is strongly a ected by the interface beteen the drain/source
electrodes and the active semiconducting layer and its propertieshe drain and source
electrode material is crucial to determine whether electron or hoigjection is favored. The
charge carrier injection is determined by the position of the materisi Fermi level with
respect to the valence/conduction bands for inorganic semiconttars and to the frontier
molecular orbitals' for organic compounds. In this study, the materials used for the tie-
gration of the drain and source electrodes are metals, as they allaw increased device
current density and a reduced interconnection resistance betve di erent transistors,
a requirement for circuit integration [SNO7]. Since the theory of mat semiconductor
systems is extensive and its discussion is not the main focus of thisséigation, only
essential aspects and characteristics, relevant to this studyieapresented. The main dis-
cussion covers the contact between a metal and artype material (ZnO is used as active
semiconductor in the TFT integration) and the e ects and nonlineaities that in uence
the TFT operation. An in-depth discussion on the topic can be foundor instance, in
references as [SNO7] and [RW88].

After both materials, i.e. the metal and the semiconductor, are put in contact, the
formation of a barrier at the interface occurs, as shown in Figure.® This barrier is
formed due to the exchange of charges (built-in potential) betweehe materials in order
to equilibrate the Fermi levels. Thus, the metal-semiconductor ctact acts as a single
system. The current transport and the contact characteriste are based on the behavior
of this barrier [Pie96, SNO7].

The intrinsic barrier height (q gn) metal to ann-type semiconductor is de ned by
the di erence between the metal barrier height, or work functior(q ), and the electron
anity 2 (q ) from the semiconductor. However, in the presence of an electredd (also
without bias due to the build-in potential), the barrier energy for clarge carrier emission is
lowered. This e ect is called image-force lowering or Schottky e edRid78]. The barrier
reduction is smaller than the barrier itself; on the other hand, the &rier depends on the

1 Frontier molecular orbitals describe the highest occupied molecular doital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) for organic materials [BLO7, Sir14].

2 The electron a nity in a semiconductor is measured from the bottom of the conduction band (Ec) to
the vacuum level.
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Figure 2.6: Energy-band diagram of a metal and am-type semiconductor contact under di erent
biasing conditions considering the Schottky e ect.

applied voltage. The image-forced lowering of the barrier height ( ) can be observed in
Figure 2.6 and can be expressed as:

OEm

s 0

(2.1)

N

with E,, as the electric eld at the interface and s ¢ as the permittivity characterizing
the semiconductor medium. Depending on the bias applied to the mésemiconductor
contact, a variation on the image-forced lowering is observed. Whe positive bias is
applied to the semiconductor, the contact is under forward bias dnthe barrier energy
for the carriers located in the semiconductor is lowered, increasitige charge carrier
injection. The barrier energy for the carriers located in the metdak, due to the Schottky
e ect, higher ( ¢ < ) as the applied voltage has opposite e ect to the build-in
potential. Under reverse bias (negative voltage applied to the serai@uctor), the barrier
energy is lower ( r > ) for the charge carriers in the metal and higher for the carrier
in the semiconductor. The width of the barrier is also a ected by di eent bias states, as
depicted in Figure 2.6. The depletion region of a contact under forwabias is narrower
than of a contact under reverse bias; nevertheless, the uppearpof the barrier is wider for
contacts under forward bias. This modulation of the barrier width iruences the charge
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carrier injection through a tunneling process, which will be discussdurther in this work
as this e ect is an important aspect of the TFT operation.

Additionally, the behavior of the metal-semiconductor contact is aected by interface
states present in the semiconductor and by surface contaminatiowvhich shift the formed
barrier. This pinning e ect can, in some cases, a ect the barrier inuech manner that
the barrier height is almost entirely de ned by the interface stateof the semiconduc-
tor. It is known that this e ect is stronger in semiconductors with @valent bonds, such
as gallium arsenide (GaAs), in which the barrier characteristics aresgentially indepen-
dent of the metal work function. For ionic semiconductors, suchsaaluminum nitride
(AIN), the barrier height is strongly dependent on the metal work dinction [KMMG69].
In this study, nevertheless, ZnO has been used in the TFTs fabrit@en process and, as
prior discussed, the ionicity of ZnO resides at the borderline betwee&ovalent and ionic
compounds QAL* 05, Kli07]. Therefore, the e ect of the metal work function in the
metal-semiconductor barrier is not well-known. Additionally, when Z® nanoparticles
are used, the barrier is also a ected by the high density of interfacstates and by defects
existent in nanocompounds [YLPCO07, ZDZCO09].

The current transport mechanism through a metal-semiconducatccontact under for-
ward bias is depicted in Figure 2.7. The current ow through the baier is mainly
de ned by the majority charge carriers and not by the minorities agn p-n junctions. The
main mechanisms are:

(a) Emission of electrons from the semiconductor over the top ofi¢ barrier into the
metal;

(b) Quantum-mechanical tunneling through the barrier;

(c) Recombination in the space-charge depletion region;

(d) Recombination in the neutral region (hole injection” from the metal to the semi-
conductor).

The emission of electrons over the barrier (a) is the most importanhechanism; the
others are considered as deviation from the ideal behavior [RW88]. evértheless, the
combination of the mechanisms (a) and (b) is partially responsible fone TFT operation
characteristics. The applied voltage modulates the barrier width (i§ure 2.6) a ecting the
probability of charge carriers tunneling through the barrier. Figue 2.8 depicts in detail the
combination of the charge carrier ow over and through the barrie Charge carriers with
enough energy (higher than the metal-semiconductor barrier héiy ow over the barrier
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Figure 2.7: Charge carrier transport mechanisms through adrward-biased metal-semiconductor
contact.

(thermionic emission). Charge carriers near the conduction bandea eld-emitted (tunnel-

e ect) through the barrier if all the requirements for the tunneling process are achieved,
i.e. tunneling probability, occupation probability in the semiconductor am unoccupied
probability in the metal are satis ed. The combination of e ects thermionic (over the
barrier) and eld emission (through the barrier) is nothing more than the tunneling of
thermally excited charge carriers through a thinner (upper) parof the barrier. When the
barrier is under reverse bias, the tunneling current and the thenionic assisted tunneling
current through the barrier can be much larger because the bar width is reduced in
the upper part, as depicted in Figure 2.8. Additionally, a reversed bs&d contact allows
a higher electric eld drop increasing the tunneling e ect [PS66].

The total current density considering both the thermionic and eldemissions can be
expressed as:
qVv

J = Jo exp W 1 (22)

whereJ, is the saturation current density,V is the applied voltage, is the ideality factor,
gis the elementary electric chargerl is the temperature andk is the Boltzmann constant.

For systems where the current ow is exclusively de ned by the caer transport over
the barrier, the saturation current density is determined by the lhermionic emission the-
ory® and the ideality factor is close to unity. However, when the tunnelingrocess starts

3 Saturation current density dened by the thermionic emission theory: Jo =
\Y, . . . L
A T2exp qk_IEf“ exp E—T 1 with the eective Richardson constant (A ) taking into

account the recombination velocity and the probability which an electron has to cross the barrier
[Pie96, SNO7].
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Figure 2.8: Energy-band diagram depicting qualitatively the eld-emitted (FE), the thermionic-
emitted (TE) and the thermionic- eld emitted (TFE) charge c arriers (a) through a
forward-biased and (b) through a reverse-biased metal-seimonductor contact.

to occur, the saturation current density and the ideality factor icrease rapidly [PS66].
For Si-based contacts exposed to high temperatures (chargeregas energy is larger than
the barrier height) and with low doping levels, the carrier transportover the barrier is
the main e ect responsible for the current ow. Nevertheless, wdn low temperatures
and high doping levels are used, the tunneling process is the domingtie ect in the
device. Depending on the doping level and on the applied voltages ttentact behaves as
a low impedance ohmic contact comparatively to the semiconductoesistance. For these
contacts, the main mechanism for current ow is tunneling throughthe barrier; thus, the
barrier height is negligible.

2.2.2 TFT Modeling

In this subsection, the main characteristics of the TFT are preséed, as well as a basic
model to understand its behavior and the di erences when comped to conventional
MOSFETs. As discussed before, the characteristics of the trasi®rs integrated in this
study are a ected by the metal-semiconductor contacts; therare two of these contacts:
one at the source electrode and another at the drain electrode. h& schematic band
diagram of an unbiased TFT at thermal equilibrium is depicted in Figure Ba. The barrier
height (g g,) from the metal to the n-type semiconductor for the electron transport is also
shown. As no bias is applied to the device, there is no current ow. Bgpplying positive
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Figure 2.9: Schematic energy-band diagram along the TFT cosidering the metal-semiconductor
contact at the drain and source electrodes: (a) without appled voltages; (b) with
drain voltage; and (c) with drain and gate voltages.

drain voltage, the lowering of the drain electrode potential is exptad; in this way, the

metal-semiconductor contact at the source electrode is reveldeiased and the one at the
drain electrode is forwarded biased. As explained before, the charcarrier transport in

the metal-semiconductor contacts also depends on the barrier'sith (W , ); if the barrier

width at the contact is thin enough, there is the possibility of chargearriers tunneling

through it. Ideally, however, no current ows through the devicean this condition, as the

barrier is su ciently wide to suppress carrier tunneling (Figure 2.9b) Nevertheless, by
applying a positive gate voltage, then-type semiconductor is brought into accumulation
mode. The increase of the carrier concentration is, for the metaémiconductor contacts,
similar to a higher doping level in the semiconductor. This e ect redwes the barrier
width, increasing the probability of charge carriers tunneling throgh it, thus increasing
the device current ow (Figure 2.9c¢). This accumulation-mode opation is a distinguished
feature of the TFTs integrated in this study when compared to corentional MOSFETS.

While in a conventional MOSFET the transistor channel is in inversion imde i.e. an

NMOS device is fabricated using @-type semiconductor material the TFT operates in

accumulation mode i.e. an n-type device is fabricated using am-type semiconductor
material.

The charge carrier ow in metal-semiconductor contacts during th TFT operation can
be modeled as a contact resistance at the drain and source eled#s. This resistance
is a ected, for instance, by the materials used and by the active otact area between
the semiconductor and the metal. Also, the contact characteriss are a ected by the
bias applied to the electrodes. This e ect can be modeled through &iff of the voltage
at which the transistor is assumed to start to conduct. The consatation of contact
resistances for the metal-semiconductor contacts is plausible aitdis consistent with
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Figure 2.10: TFT schematic base structure used for the modétg.

experimental characterizations. Moreover, it allows a more direchodeling and electrical
characterization of the TFTs.

The modeling of a TFT considers the basic device structure shown ingere 2.10. The
following assumption are taken to simplify the derivation of an analytial model:

The electric eld along the semiconducting layer (component) and the electric eld
perpendicular to the semiconductor (component) are independent;

The charge carrier mobility is constant along the channel (all indudecharges are
due to free carriers);

The total transistor current is dominated by the drift current;
The charge in the channel varies linearly with respect to the appliecate voltage;

The device is large enough that short channel e ecte.g. drain-induced-barrier
lowering, can be neglected.

The device can be modeled as a simple capacit®® & Q=V) and the charge carrier
concentration in the transistor is proportional to the voltage drp across the insulator as:

q n(x) = Cins[Vos  V(X)] (2.3)

where g n(x) is the gate-induced charge densityCi,s IS the gate capacitance per unit
area, Vgs is the gate voltage andV (x) is the channel voltage along the channel at a
distance \x" (x is O at the source electrode and equal to at the drain electrode). The
current through the device,i.e. drain current (Ip), can be expressed as:

Ip = Wq [no+ n(x)] E(x) (2.4)
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where W is the channel width, is the charge carrier mobility, E(x) is the electric eld
along the channel and, is the initial charge carrier density in the semiconductor. Com-
bining both equations and integrating them for the whole device (tmsistor length L)
the following equation is achieved:

_ W Cins VDZS

| D — L (VGS VON)VDS 7 , (VDS < VDSAT) (25)

with the turn-on voltage (Von) de ned by Hong et al. [HYC™ 08], which takes into ac-
count the density of free charge carrierang) and the thickness of the accumulation layer
in the semiconductor f). The turn-on voltage (analogous to the threshold voltage in
conventional MOSFETS) is expressed by:

Von =

c_ (2.6)

Equation 2.5 is only valid whenVgs Von and Vps <Vgs Von, i.e. the transistor is
not operating in the saturation regime. Commonly, this operation stte is de ned as the
transistor linear region. When the applied drain voltage is comparabte the gate voltage
(Mps = Vosatr = Vs Von), the voltage drop at the drain electrode falls to zero and the
conducting channel is pinched o ; hence, the transistor is undemturation regime. In
this state, the transistor current becomes independent of thepplied drain voltage, and
the following equation is derived:

lpsar = 2L. (Vos  Von)?; (Vos  Vosar): (2.7)

The above derived expressions provide a base model for the deviperation and sup-
ply the reader with the basic concepts for understanding the keyleenents of the TFT
operation. The di erences and discrepancies between the TFT bahor and this model
are considered as deviations from the ideal behavior. Additionallyhése equations are
similar to the MOSFET ones with the main variation being related to the @ nition of
the threshold voltage ¥+), or in the case of TFT, of the turn-on voltage Von). For
MOSFETSs, the conducting channel is formed by an inversion layergehce the threshold
voltage is de ned as the gate voltage beyond at-band just stamg to induce an inversion
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charge sheet [SNO7]. The turn-on voltage is de ned as the voltage when an appiable
drain current starts to ow through the transistor extracted from the loglp Vgs transfer
curve. Voy is de ned at the point where there is enough accumulated chargerdars
at the semiconductor/gate dielectric interface allowing a current ow through the device
terminals (drain and source). The procedure used to charactegizhe TFT integrated in
this study is discussed in Section 2.2.4.

2.2.3 TFT Non-ldealities

In the previous section, the TFTs were modeled assuming an idealvi®e. However,
due to the low-temperature processes used in the transistor igm@tion as well as the
use of low-cost production methods, the device depicts a high diéysf charge traps
and non-idealities. For example, the contact resistance betweenet semiconductor and
the drain/source electrodes, and the non-crystalline layer of theemiconductor limit the
ow of charge carriers in the device, restraining its performancélhe main non-idealities
are discussed here; nevertheless, more information regardingsttopic can be found in
[HYC™ 08, Conl0].

As already mentioned, one of the e ects that limits the TFT perfornance is the contact
resistance between the drain/source electrodes and the semitocting layer. Unfortu-
nately, due to the non-ideal metal-semiconductor contacts uslhapresent in these devices,
an accurate estimation of the contact resistance value is compliedtto be achieved. The
contact resistance depends on the contact area between botlaterials, which is in u-
enced by the TFT setup (discussed in detail in the next section); aime interaction with
the atmosphere; and on the presence of traps and impurities atehnterfaces. Even with
the hindrances encountered in the extraction of the contact ris¢ance, its e ect, however,
can be observed in the electrical characteristics of the transissp which provides a quali-
tative estimation of the contact quality. Figure 2.11 depicts simulaté | V curves of an
ideal transistor with di erent contact resistances at the drain anl source contacts. The
increase of the contact resistance induces a reduction of the idraonductance (I p= Vps)
and leads to a reduced drain current level in the output charactestic. This e ect oc-
curs because the TFT is biased at a lower e ective voltage due to theltage drop at

4 The traditional de nition of V4 related to a particular band-bending condition in MOSFETs has
a historical background. Modern MOSFETs a ected by non-idealities and by the whole technol-
ogy advancements and modi cations consider a more operationalancept of the transistor threshold
[OCGSM™ 13].
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Figure 2.11: E ect of the contact resistance at the drain and urce electrodes on the TFT (a)
output (with Vgs = 5V) and (b) transfer (with Vps = 0:1V) characteristics. The
simulation was performed using an ideal TFT with series restance Rc = Rp =
Rs) varying from 0 to 1M (TFT parameters: Von =1:5V, =5cm?V 1s 1
L=5 m,W=500 mandCis=5:31 10 °Fcm ?2).

the series resistances (metal-semiconductor contacts). Addially, the drain voltage at
which the channel pinch o occurs is increased. Also, if not properlgccounted for, the
reduction of the current level due to the increased contact resasce causes the extracted
mobility to be underestimated. On the one hand, the contact resiahce is small compared
to the resistance imposed by the semiconducting layer in wide bandpgeorganic-based
TFTs [HYC™' 08, Fral5]; on the other hand, with the scaling of TFTs and with a re-
duced contact area between the drain/source material and thective semiconductor, an
increase of the contact resistance e ect is expected. A more colex model, accounting
for the non-linearities introduced by these contacts, can be achkiex by including diodes
to the equivalent transistor model [NSGJO00, Hor04]. Figure 2.12 dieps equivalent circuit
models of the TFTs considering the contact resistance.

The semiconductor properties also induce instabilities and non-ideadis to the TFT
behavior. In the previous derivation, it has been considered thahé entire semiconduct-
ing layer (variation on the charge carrier density) is controlled by tb applied gate voltage.
Conversely, depending on the layer thickness and its morphologysi parts of the layer are
controlled by this electric eld. The semiconducting layer interface posite to the gate
electrode can be a ected (depleted or accumulated) by an interdan with other materials
(substrate or passivation layers) or, in the case of non-encapestied inverted transistor
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Figure 2.12: Equivalent circuit (a) of an ideal TFT, (b) considering contact resistances at the
drain and source electrodes, and (c) accounting non-lineities of these contacts.

setups, with the ambient atmosphere. Therefore, the chargerdar density in the semi-
conductor is also de ned by these interactions. The inner part ofne Im which is not
a ected by the applied gate voltage, or by the interaction with the anbient or with other
materials can be considered as a bulk material. As a consequence,dbtive semiconduct-
ing layer can be modeled as a three layer material, as shown in Figure.8ince this Im
is usually thin (up to 100 nm) and the semiconductor presents low intrsic conductivity,
the e ect of the bulk layer can be neglected when compared to thet@rface layers. In
the case of nanoparticulated semiconductors, due to the nanaopele morphology even
when a thicker layer (200 300 nm) is used, the bulk layer does not a ect the transistor
behavior signi cantly. Besides the Im's porous character, the larg active surface area of
nanocompounds enhances the interaction with other materials amdth the ambient, thus
the whole Im can be in uenced by the interface layer opposite to thgate electrode. As
a result, the inner part of the layer is also commonly neglected. In &®n 4.2, this inter-
action as well as the procedures to mitigate its e ects are furthatiscussed. A simple way
to model the e ect of the semiconductor thickness and its interéion with the ambient
and with other materials is the addition of a resistance in parallel to th ideal TFT. For
instance, in the case of a high conductive semiconductor with apprable thickness, this
additional resistance is small, causing the transistor current to inease with increment of
drain voltage; thus, no current saturation is observed. Additiondy, a higher transistor
current in the cut-o regime is modeled by this resistance. One of thdrawbacks of this
model is the inability to cover the case when the formation of the asmulation channel
is a ected by the interaction with the ambient air. An example of this eect is when the
entire ZnO layer is depleted due to the adsorption of oxygen, and rm@cumulation layer
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Figure 2.13: TFT schematic model considering three di erentconducting paths in the semicon-
ducting layer.

can be formed [XFH 12, BSTS12]. At this point the semiconducting layer thickness and
the transistor setup are critical factors [MAH 08, TBS" 11, BPM* 06]. Films as thin as
15 nm are strongly a ected by the atmosphere [MAHO08, BPM* 06].

Up to this point, the e ect of charge carrier trapping and its consguences have not
been considered. Nevertheless, the emission and capture of ieasr by traps in uence
the transistor behavior and performance. The main e ects on th&ansistor's electrical
characteristics are the shift of the turn-on voltage and the vartéon on the density of
charge carrier in the accumulation layer of the semiconductor. Adbnally, the trapping
of charge carriers is reported to induce a hysteretic behavior inghransfer curve depend-
ing on the gate voltage sweep direction [FBD9, SS05, WH11, Woll11]. Conjointly, the
electron transport in TFTs commonly occurs through a non-crystline layer; thus favored
conduction paths (percolation paths) are formed and, dependiran the trap position and
activity, the current ow is reduced or even blocked in the speci c pth [Meu99]. A more
detailed explanation and derivation of the current transport and tthe trap activity e ects
on the transistors integrated in this study, especially for nanopéculated semiconducting
layers, are presented in Section 4.2.1.

The assumption that the accumulation layer induced by the gate vage is formed
exactly at the interface between the semiconductor and the gatkelectric is also not en-
tirely correct. Actually, the accumulation layer extends itself ovelsome nanometers and
even over a few monolayers for organic-based TFTs [Hor04]. Fomo@articulated semi-
conducting Ims, the channel thickness is proportional to the naostructure size. This
consideration is attributed to the contact between neighboring meoparticles and to the
energy required by the charge carriers in the accumulation layer tow through the Im.
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In this case, a tradeo between the particle size and the extensiasf the accumulation
layer de nes the transistor characteristic. Smaller particles leadot a high number of
interconnections increasing the semiconducting layer resistancehe extension of the ac-
cumulation layer required for the charge carrier ow, however, issduced. The formation
of an accumulation layer in nanoparticulated Ims is also in uenced by lte temperature,
by the electric eld and by the trap density of the Im, as discussed peviously in Sec-
tion 2.1. The e ect of the accumulation layer thickness can be modeleas a capacitance
in series to the capacitance of the gate dielectric, hence the e a& gate capacitanceCg)

is reduced as:
Ce = CinsCsem
s ———
Cins + Csem

where the capacitance of the gate insulator per unit areeCf(,s) can be modeled as a
parallel plate capacitor:

(2.8)

Cis = ins 0: (2.9)

1:ins
with o as the vacuum permittivity, i,s as the permittivity of the insulator and tj,s as the
thickness of the insulator. As the charge carrier distribution on tb accumulation layer
and the potential drop through the semiconductor depend on theemiconductor mor-

phology and its characteristics, the capacitance of the semicoraddar per unit area (Csem)
can be calculated by integrating the induced charge carrier density the accumulation
layer (@ n(y)) and the voltage drop on the semiconductor\{(y)). The integration is
limited by the semiconductor/gate dielectric interface ;) and by the thickness of the
semiconducting layer {(sem):

yd
e g n(y) d
tint V (y)

Csem = (2.10)

In practical terms, the thickness of the gate dielectric is in gendranuch larger than
the accumulation layer, and the majority of the charge carriers arlocated at the gate
dielectric/semiconductor interface. As a result, the gate capaeihce is essentially de ned
by the properties of the gate insulator. Therefore, the chargeaxier distribution on the
semiconducting layer overestimates the gate capacitance of th&T model and causes
the charge carrier mobility to be underestimated. The modeling of thextension of the
accumulation layer and its e ect on real devices were deeply invesdigd by Horowitz
[HorO4]. Additionally, the carrier accumulation depends on the TFT dep, as discussed
in [FBJ* 09] and in the integration process chapter (Section 3.1).
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Figure 2.14: Fringing current  Schematic layout of a TFT structure (S = source electrode,
D = drain electrode, gate electrode and gate dielectric layes are not explicitly
shown here), in which (a) the channel layer is patterned, (b)the channel layer is
unpatterned with a high W=L ratio, and (c) the channel layer is unpatterned with
a low W=L ratio.

The charge carrier mobility has been considered constant for the=T modeling, even
though there are several indications that the mobility is not constat in the accumulation
channel. The interface roughness between the gate dielectric ahé semiconductor, elec-
tron trapping, velocity saturation, and charge carrier transparthrough a non-crystalline
material are examples of mechanisms that scatter the charge gars. This points to a
non-uniform and non-constant carrier mobility; instead, the mobily can vary depending
on the applied voltages, either drain or gate voltages. As a conseqae, di erent types of
mobilities are de ned as well as di erent extraction methods [Hof04$ch06, JP06]. In the
next section, the procedure used to extract the charge carrisrobility from the transistors
integrated in this work is derived.

Frequently, to simplify the integration process, the semiconduct@nd the gate electrode
are not patterned. Depending on the width-to-length ratio of theTFTs, an overstated
guanti cation of the device current is observed. Figure 2.14 depistthe current ow
in devices with patterned and unpatterned semiconducting layerd-or devices with un-
patterned layer and low width-to-length ratio, the peripheral (finging) current increases
signi cantly the device current. This e ect may cause the carrier mbility to be overes-
timated, and it presents an issue in the validation of the transistor grformance as the
mobility is strongly a ected by the transistor geometry. Based on liis assumption, a
direct comparison with transistors metrics published by other grqas is not a straight
forward task, and discrepancies are often observed.
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2.2.4 TFT Characterization

This section discusses the methodology used to characterize thansistors integrated in
this study. In order to avail a comparison with transistors integréed by di erent groups

a standardization is required. However, no speci ¢ standard reghing the characteriza-
tion of inorganic TFTs or nanoparticle-based transistors is availableg~or this reason, the
transistor characterization is based on the 1620-2008 |IEEE-stdard [IEE08] for organic
transistors, and on the procedure proposed by Ho man [Hof04hd Honget al. [HYC* 08]

for the characterization of thin- Im transistors. Neverthelessdue to the operation simi-
larities between TFT and MOSFET devices, the transistor charactezation is also based
on the standard characterization procedures of silicon-basedfrsistors.

The main characteristics of TFTs are the transferl( (Vg)) and output (15 (Vp)) curves.
Another important aspect is the behavior of the leakage currenhtough the gate electrode
during the extraction of both curves. These characteristics alahe extraction of the
metrics used to analyze the TFT performance and to compare di ent transistors. The
main metrics are: the turn-on voltage,Von (or the threshold voltage, Vr); the current
modulation, 1 on=lorr ; the subthreshold swing,S; and the charge carrier mobility, .

The transistor's electrical characterization was performed usirmgHP-4156A Precision
Semiconductor Parameter Analyzer and a Karl é&s microprobe station equipped with
Seiss MicroTec PH100 micromanipulators with tungsten probes (Mode72T-J3/70x1.2"
from American Probe & Technologies, Inc.) for the contact betweethe transistor's
pads and the measurement equipment. The measurements weredmainder ambient
atmosphere in a dark environment with relative humidity in the range ©25-60%. The
hold and delay times are xed to 150ms. Variations in the electrical setup or in the
procedure are discussed for each particular case.

Turn-on voltage and threshold voltage

As TFTs are basically devices controlled by the application of electricelds with similar
functional behavior to MOSFETS, the extraction and use of the treshold voltage is
largely employed. There are di erent methods for its extraction [€h06, OCGSM 13].

5 Since the source electrode is always assumed to be grounded thig, Vp, I, |p notations have the
exactly same meaning ad/ss, Vbs, les, Ips-

6 parameter of the HP-4156A which de nes the wait time after the applied voltage or current step before
starting the measurement.
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The linear extrapolation of thelp Vg plot for non-pinched channels (commonly when
low Vp is applied) or of thel ézz Vg plot for pinched channels (high applied/p), the Vg
at a speci c drain current, and the transconductance method arexamples among other
methodologies for the extraction of the threshold voltage. As th&FTs characteristics
frequently deviate from the ideal behavior, the extraction methd of V; results in a large
ambiguity in the obtained values. Depending on the tting parametes used for the linear
regression or on which point the curve is extrapolated, for exampla large variation in
the extracted values is observed. Another source of uncertambn the determination of
the threshold voltage is the equations (transistor model) used fahe derivation of the
method, which are often based on an ideal device.

The use ofVpy avoids the ambiguity in the de nition or in the extraction method of
Vr, becausevoy is simply the Vg in which the transistor drain current starts to increase
in the log(Ip) Vs plot. As discussed previously, this method indicates the applied gate
voltage on the onset of the accumulation layer when the current tbugh the device starts
to ow. Figure 2.15 depicts the extraction of theVoy as well as the extraction of the
Vr using linear extrapolation. To standardize the extraction of thé/r, the point of the
curve that is extrapolated is the one in which the maximum transcondtance is observed.
Nevertheless, because of the TFT non-idealities, this point is not ays clear, and a small
variation of its location may incur in a considerable error.

Even with the simple extraction method and de nition ofVoy, the extracted values are
in uenced by leakage currents and by the measurement systemhdse disturbances a ect
the transistor o -state current and thus cause the extractedvpy to shift. For instance,
when the transistor gate leakage is high (compared tg), a positive shift of Voy is often
observed. Notwithstanding, depending on the magnitude of the lkage currents, the
transistor operation is a ected leading to an incorrect extractionof all metrics and not
just of Von. For the characterization of the TFTs integrated in this study,Voy is the main
parameter de ning the conditions in which the transistor starts toconduct. However, in
order to allow a comparison with other studies in the literature, the/; (extracted using
the linear extrapolation) is mentioned.
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Figure 2.15: Transfer curve depicting the extraction di erence of theVon and Vr. Additionally,

the extraction procedure of thel on=lopr ratio and the subthreshold swing (S) are
shown.

ION/| OFF ratio

The lon=loee or ON-OFF ratio is the ratio between the maximum and the minimum
drain current extracted from the TFT transfer characteristic (og(lp) Vg plot), as de-
picted in Figure 2.15. The maximum current is in general limited by the seiconductor
material properties, by the contact quality between the semiconttor and the drain and
source electrodes, and by the capacitive coupling quality betweelnet gate electrode and
the TFT channel. The minimum current is determined by leakage currgés and by the
measurement setup. Both the maximum and the minimum currents ann uenced by the
TFT dimensions and design [WSQ09]; for example, long channel TFTs (50L00 m) have
a proportional higher current than short channel TFTs, as the @ntact resistance at the
drain and source electrodes are small compared to the semicortthg layer resistance.
The o current is also a ected by the TFT layout. While long channel TFTs possess
a larger gate area\W L), hence a larger leakage current through the gate electrode,
the reduction of the channel length increases the drain-to-sauér leakage current as the
electric eld between drain and source is inversely proportional tche channel length at
constant \p.

For electronic switches applications, high on=lorr ratios are necessary and values
around 1¢ 1P are usually required [WS09].
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Subthreshold swing

The subthreshold swing $) indicates how e ective the device is able to turn-on and
turn-o . This metric is also extracted from the log(lp) Vs plot (see Figure 2.15) as:
Vg

S= : 2.11
loglp i ( )

and it indicates the necessary/s to increasel p by a decade. In practical terms, a low sub-
threshold swing is desired, as the device requires less gate voltagaiesion to be turned
from a fully o to a fully on state, or vice versa [WS09]. The subthrdsold swing metric
is often related to the transistor trap density and to the gate dielgtric/semiconductor
interface quality [Wol11, Sch06].

Field-e ect mobility

The charge carrier mobility is frequently cited as one of the most impi@ant performance
metrics to compare di erent devices, as it directly in uences the dece's maximum op-
eration frequency and its range of applications. High mobility devicgsresent a faster
switching response and a higher drain current, which avails a fastelmarge and discharge
of the circuit's capacitances. The extraction of the charge carrienobility can be per-
formed through di erent approaches. The method used in this stly is the eld-e ect
mobility ( re) due to its extraction simplicity and to its widespread use in the litera-
ture. Moreover, this metric is the one indicated in the IEEE standat 1620-2008 [IEE08],
where the mobility value of the majority carriers of semiconductor aterials is reported
in cm?V s 1. The eld-e ect mobility is extracted according to:

LOm

= —— 2.12
WCinsVD ( )

FE

where g, is the transconductance de ned as:

Gn= O : (2.13)

Ve Vp = constant

This extraction method has the advantage of disregarding the usé V; avoiding the
ambiguities concerning its de nition. Although the (¢ is used by di erent groups, this
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method is sensitive to contact resistances and neglects the e gadf Vs in the formed
channel layer [Sch06].

Other extraction methods, such as the e ective mobility (. ), require the use and
de nition of the channel charge density, as well as the use ®:, which introduces con-
siderable error and ambiguity to the mobility values. Additionally, the . extraction
method is also a ected by the contact resistance. On the other hd, the saturation mo-
bility ( sa) is less sensitive to this resistance; however, the transistor chmah pinch o
causes the transistor length to vary. Conjointly, 5 neglects the gate voltage in uence
on the mobility and applies a correction body e ect factor that is notwell-known [Sch06].

The previously mentioned mobility extraction methodologies have a haical back-
ground as they are used for the characterization of MOSFET. Meover, other meth-
ods and corrections regarding the charge carrier mobility are fodnin the literature
[Sch06, HYC 08]. Ho man [Hof04] has proposed the average mobility {,4) and the
incremental mobility ( inc), which provide insights into the TFT behavior enclosing its
non-idealities. The .4 Yyields to the average mobility of the total charge carrier con-
centration in the induced channel fol/gs > Vo, and the . provides insights into the
mobility of the carriers added or removed from the accumulation laydor a small variation
of Vs [Hof04]. The use of such mobility de nitions has gained attention in thecienti c
community; in the future their employment should be considered.
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CHAPTER3

INTEGRATION

In the previous chapter, the fundamentals of TFTs were discussenith emphasis on
device operation and working principles. The current chapter is rekd to the integration

of these devices. First, di erent setups of TFTs are presentetjghlighting the advantages
and disadvantages of each structure. Secondly, the descriptiohthe integration process
is divided considering each integration step or layer for the achievemt of a complete
transistor or device. Particular focus is given to material propeigs and characteristics
as well as to integration techniques used in this work; nevertheless brief discussion
concerning other methods and materials is also exposed.

3.1 TFT Setups

The arrangement of the basic components of a TFT,e. semiconductor, dielectric and
metal contacts (gate, drain and source), has a strong in uenaen both the device per-
formance and the integration process itself. Commonly, the TFTsra divided into four
groups of setups:

inverted staggered (Figure 3.1a)
inverted coplanar (Figure 3.1b)
staggered (Figure 3.1c)
coplanar (Figure 3.1d)
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Substrate Substrate

(©) (d)

Figure 3.1: General TFT setups, including: (a) inverted steggered, (b) inverted coplanar, (c)
staggered and (d) coplanar.

The two aspects that de ne the setup are (I) the position of the gte electrode regarding
the drain and source contacts and (I) the position of the drain athsource electrodes and
the gate dielectric relatively to the position of the channel in the acte semiconductor. If
the gate electrode is located below the drain and source contactéo§er to the substrate),
as shown in Figure 3.1a and Figure 3.1b, the structure is called bottegate or inverted.
When the gate is above the line of the drain and source electrodelse tconventional setup
is also called top-gate or non-inverted (see Figure 3.1c and Figure 8.1 In staggered
structures, the drain and source electrodes and the gate dielectare placed at opposite
sides using the channel as referendeg. the drain and source electrodes are not in the
same plane as the conductive channel. If they are in the same sidéa(), the setup is
de ned as coplanar.

In order to evaluate other materials €.g. new semiconducting or dielectric materials)
or variations on integration techniques €.g. an improved deposition of the nanoparticle
dispersion or surface treatments), usually bottom-gate setupme applied using either
the silicon wafer as a gate electrode or a metal layer without the deition of the gate
electrodes, as shown in Figure 3.2. This approach reduces the img&gpn time as well as
the template complexity. When a silicon wafer is used as gate electegydhe wafer can
be oxidized in order to obtain a high quality oxide as gate dielectric. Inhis manner,
the instabilities related to the gate dielectric can be avoided becausé the well-known
electrical characteristics and growth techniques of SpJQHil14, Jae02]. Nevertheless, the
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Sio,

Gate Substrate

Si-Substrate

(@) (b)

Figure 3.2: Inverted coplanar TFT structures: (a) using Si/SiO, as gate electrode and gate di-
electric, and (b) using a non-structured metal layer as gateelectrode. This technique
can also be applied in inverted staggered setup.

usefulness of the wafer as gate electrode is only justi ed for prelimary experiments. With
the objective of integrating circuits with multiple TFTs, the non-structuration of the gate
electrode is inadequate as one gate electrode controls all the desic Additionally, the
large overlap area between the top layer and the gate electrodersigantly increases the
gate leakage currents and disturbs the TFT electrical charactistics. This overlap is in
great part de ned by the drain and source electrodes and the padequired to establish
the contact between the measuring probes and the TFT electrosle

The setup choice strongly depends on the materials and processesd for the TFT
integration. The research community and the industry favored tl use of top-gate struc-
tures for the fabrication of poly-Si TFT due to the high temperatues required during the
crystallization process of the semiconductor. Using these setufise subsequent materials
used for the TFT integration as well as the interfaces are una eed by the deposition
process of the poly-Si [Tho84, KA03]. When amorphous Si (a-Si) isad as active semi-
conductor, however, lower temperatures are required for thesplosition [Kat99, Hill4]
allowing di erent setups. Nonetheless, laser annealing techniquesdaalternative low-
temperature processes have also expanded the use of poly-Sa@s/e semiconductor in
TFT technology [LTK *91, SSM93, UI01]. In order to avoid the light induced distur-
bances on the TFTs used in LCDs, which are constantly illuminated byhe display back
light, inverted staggered structures were applied using the botto gate electrode as a light
shutter [Tho84, Kat99].

For the integration of metal-oxide and of organic semiconductor Bad TFTs, the use
of bottom-gate (inverted) setups dominates, with just a few gngps researching top-gate
structures [FBD" 13, MNO* 13, WFHL™ 15]. These setups are used due to the low chem-
ical and physical stress su ered by the semiconductor during thmtegration process.
For organic-based TFTs, inverted coplanar structures are faved when photolithographic
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techniques are employed, as the semiconductor deposition is thet laep in the tran-
sistor integration process, hence the semiconducting layer is noteeted by any other
processes [Sirl4]. This setup is used for the integration of inorgabased TFTs as well
[FBM12, PMV™* 16]. However, the main drawback of this structure is the relative hig
resistance between the semiconductor and the drain and sour@ntacts due to the low
contact surface area between both materials. This e ect is highliggd when nanopatrtic-
ulated semiconducting Ims are applied, because of the sphericalagie of the nanostruc-
tures [Wolll]. Figure 3.3a depicts the limited contact between a nanagiculated Im
and a metal contact. For organic-based semiconductors, theogith behavior is a ected
by the abrupt change of the underlying layer. The contact quality btween the semicon-
ductor and the electrodes can be improved when the drain/sourceaterial is deposited
on top of the active semiconductor (Figure 3.3b). For a nanopartitated semiconductor,
the gaps between the particles are lled up increasing the contactigace between both
materials. On the one hand, inverted staggered setups improveetitontact quality be-
tween the drain/source electrodes and the semiconductor, inaseng the charge carrier
ow through the contact. On the other hand, the electrodes areot in direct contact with
the conductive channel and the charge carriers have to ow thugh the semiconducting
layer thickness until the formed channel is reached, as shown in Big 3.4. This path
can be modeled as an access resistance, and this e ect is a chamastic of staggered
structures. Conversely, the access resistance is reported ®iegligible in comparison to
advantages of the improved contact area between the drain/same and the semiconduc-
tor [PCNF04, BLO7]. As the deposited semiconductor commonly pe#s unconformities,
such as valleys, peaks and pin holes, the charge carrier path toagedahe channel is re-
duced, decreasing the access resistance [BLO7]. For coplananggtthe access resistance
is also negligible as the drain and source electrodes are in direct cantaith the formed
accumulation layer.

Due to the better contact between the semiconductor and the din and source ma-
terials, staggered setups are popular; nevertheless, especiallydrganic semiconductors,
the structuration of the electrodes is done by shadow masks, whiavoids any chemi-
cal contamination of the semiconductor. The use of a shadow masiowever, limits the
minimum transistor size to about 10 20 m, though a higher resolution has been re-
ported by [AKZ* 12, ZRL"13]. On the other hand, the mask and alignment procedures
are complicated and time intensive. Moreover, in order to achieve ther depositions and
higher resolutions, the shadow mask must be in contact with the sauhe, which increases
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(@) (b)

Figure 3.3: Detail of the contact between the source (drain)electrode and the nanoparticulated
layer in (a) inverted coplanar and (b) inverted staggered séups showing the charge
carrier injection.

Substrate

Figure 3.4: Access resistance observed in staggered setupdich has its origin on the path that
charge carriers have to ow through the semiconducting laye thickness to reach the
formed accumulation layer. Due to unconformities in the senconducting layer, the
path until the channel is reduced and the access resistance commonly negligible.
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the possibility of damaging the underneath layer. Furthermore, fdarge-scale production
and for circuits with a high density of elements, the use of shadow sie& are not entirely
suitable. For this reason, the use of photolithography is the staadd method to achieve
high resolution and high transistor densities. It should be noted, kever, that if the

semiconductor is not stable against the chemicals used or no passom (etch stopper) is

applied, the semiconductor can be damaged, decreasing the deyiegformance.

Another aspect of the setups is the interaction of the semicondc with the ambient
air. In this case, both inverted staggered and inverted coplanaredices are degraded
by this interaction if no stabilization of the layer or passivation is applid. This opens
up the opportunity to evaluate di erent treatments for the semionducting layer, as well
as the evaluation of the TFT as a sensor [DSZ5, YSLY16]. Conjointly, for inverted
setups, the semiconductor is deposited on the gate dielectric; théore, they have to be
compatible. This concern is enhanced when solution-based techrégqlare used, as a good
wetting between both materials is required. Moreover, both mate&is have to be also
chemically compatible,e.g. the semiconducting solution should not etch or damage the
layer underneath. Mainly for nanoparticle dispersions the interfacbetween the gate di-
electric and the nanoparticulated Im presents empty spaces [Wdl]l which reduce the
capacitive coupling between the gate electrode and the active seamiductor. For a bet-
ter capacitive coupling through the lling of the gaps between the seiconductor and
the dielectric layer, conventional structures are preferred. se setups also have the ad-
vantage of using the gate insulating material and the gate electrecas a semiconductor
passivation layer mitigating its interaction with the ambient. However the main draw-
back of top-gate setups is the increased roughness at the gatelettric/semiconductor
interface when nanoparticulated or uneven semiconducting Ims arused. As a result,
the improved capacitive coupling between the gate electrode andetlransistor channel
is jeopardized by the roughness and instabilities at channel inteda limiting the charge
carrier ow and reducing the transistor performance [FBJ09].

In this study, based on the improved interface between the actisemiconducting layer
and the gate dielectric as well as on the results achieved by [Wolll)lented TFT setups
were applied. Due to the better contact quality between the drainral source electrodes
and the semiconductor material, the staggered version was pnefiely chosen. However, in
order to identify and minimize instability e ects in the transistor operation (Section 4.2),
inverted coplanar structures were also employed; as in this caseemical and physical
stresses endured by the semiconducting layer during the drain asdurce electrodes struc-
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turation are avoided. In this way, di erent ZnO deposition methodsand solution-based
materials could be evaluated. Conjointly, this setup was also appliedrfthe developing of
the stabilization of the nanoparticulated Im by UV irradiation and wet-air treatment, as
described in Section 4.2. Here, the materials and methods used faclecomponent (semi-
conductor, gate dielectric, contacts and substrates) of thednsistors are rstly discussed,
whereas the integration procedure of the TFT itself is addressed the last subsection.

3.2 Semiconductor

In this subsection, the main characteristics and deposition methedegarding the semi-
conductor used in this study are presented. As the intrinsic proptes of the ZnO were
already discussed in Section 2.1, the discussion presented heredes on the integration
process itself. Conjointly, the deposition methods available and comonly used in the
literature are brie y addressed.

Besides the electrical characteristics of the semiconductor, ithemmical and physical
properties should also be considered. The semiconducting compauras to endure the
stresses imposed by the integration process without degrading #@#ributes. Generally,
the requirements are related to the deposition quality, and to theamnpatibility with
the entire integration process and with further materials employedh the device. The
temperature required during either deposition or later annealing sps should be, for
instance, compatible with the dielectric layer and with the substrate Moreover, the
formation of a reliable semiconducting layer is also a primary concerrilherefore, for
the low-cost sector, it is important to develop an e cient integration process which is
robust and reproducible. High performance devices just achievadder strict conditions
are shaded by cost-e cient techniques. In this case, the main gbig not the performance
itself, but rather the tradeo between cost, robustness, and grformance. Furthermore,
complex inorganic compounds with addition of Ga, In, Sn to the ZnO gstal structure
improve the transport quality and the charge carrier mobility DAL * 05, FBM12], although
increasing the system's complexity and budget. Doping of the ZnO i$sa used to achieve
better charge carrier mobilities [KYK14, FBM12], though it increasegproduction costs
and introduces instabilities in the process and in the transistor betier.

In this study, ZnO is used as the semiconductor for the TFT integtéon. To maintain
the costs as well as the system and integration process complexityder a certain level, the
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employment of ZnO was investigated primarily without addition of any gtra compounds.
Notwithstanding, several deposition techniques for ZnO as actigemiconducting layer are
available; and even limited to solution-based processes, there ati# many alternatives
that can be employed. Aiming at the low-cost sector and a later higbecale production
the main focus is given to such deposition methods, hence some anthare investigated
and discussed here. Nevertheless, methods using vacuum techesjand semiconducting
materials employing di erent compounds are also brie y addressed.

3.2.1 Deposition Methods

The main advantage regarding vacuum techniques is the compatibilityith the current
manufacturing processes encountered in the microtechnologyhd know-how developed
over decades has driven these processes also into the integrawmdnlFTs. Vacuum-
based systems generally deposit dense and high quality Ims with a gbadhesion to
the substrate. They are widely used, for instance, in the produon of at-panel dis-
plays, and among them the sputtering technique is the most maturene [PMKP12,
FBM12]. Nonetheless, other techniques, such as ALD [PHO8, LKKPO7], plasma or
UV enhanced ALD [LCH" 10, LKK* 10, NLKK14], and pulsed laser deposition (PLD)
[SWDMO07, GCBT13], are also utilized to achieve high quality layers. Thedaantages of
sputtering techniques are mostly related to the material choicesat is possible to deposit
a wide range of compounds by adequate selection of the target. diibnally, this sort
of deposition is commonly performed at room temperature and by miwolling the power
and pressure, there is the opportunity to optimize the layer qualitjBPG* 09, FBM12].
Another feature is the use of reactive sputtering processes, irniesh the amount of oxy-
gen in the chamber can be controlled adjusting the oxygen contenf the metal-oxide
semiconductor [TMSM99, HQH 05]. More complex techniques, as co-sputtering using
multiple targets, can be performed for the achievement of complexaterial compositions
as GIzO, for instance [BPG09]. ALD techniques provide conformal and dense Ims
[LKKPQ7, PHJ* 08], however, due to the slow process and to the susceptibility oflfaes
caused by variations on the chemicals and on the system, the usetltdse methods are
not entirely suitable for exible electronics.

The fabrication of devices using solution-based methods o ers tipossibility to replace
vacuum processes with cost-e cient techniques. Besides the dt&c reduction in the
production cost through the employment of high throughput conhuous processes, the
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substrate size is not anymore limited by the vacuum systeng.g. by the chamber size.
By applying solution-based materials, mature techniques, as the @ used in printed
media, as well as new deposition methods can be used. However, $hiitegrated using
such processes at temperatures adequate for exible subsweaf generally depict inferior
electrical performance in comparison to the ones deposited undacuum conditions. Here
the tradeo between production expenses and performance has take the application
requirements into consideration. Although the employment of solittn-based processes in
TFT technology is relatively recent, it has already demonstrated ammpressive evolution
regarding performance and reliability, as well as manufacturing aspts [KYK14, DSBM14,
PMV™16]. Depending on the deposition method applied.g. printing, the number of
photolithographic or shadow masks can be minimized reducing costoreover, solution-
based processes are not con ned only to the deposition of metaiae-semiconducting
layers; other semiconductorsg.g. organic-based) as well as organic-inorganic hybrid
systems also pro t from these techniques. The discussion presshhere, however, focuses
on the materials used for the TFT integrated in this study. The mateals can be found
dissolved in the form of a precursor or dispersed in the form of ngrarticles in a solvent.
Both solution types were evaluated during this work and are desced in the following
subsections.

Concerning the deposition itself, there are di erent methods to &teve continuous and
structured Ims. They can be divided according to the principle behid each deposition
technique, though sometimes there may be overlap between the@gps. Figure 3.5 shows
the main groups.

The principal deposition methods employing solution-based materiadse:

I) Drop-casting: This deposition method is characterized by the g@sition of a drop
of the solution on the substrate and subsequent vaporization ofi¢ solvent. Due to the
uneven solvent evaporation in the drop, generally there are crackn the Im, and the
distribution of the semiconductor is uneven [ZAK11, FBM12, LLS12, KYK14]. The
process can be improved by addition of thermal or mechanical (védion) energy, by
tilting the substrate, by surface treatments or by controlling thesolvent evaporation in a
sealed chamber or under inert gas purging [ZAKL1]. Additionally, in order to induce a
regular evaporation, droplet-pinning technique can be used [ZAK1].

[1) Spin-coating: This method is widely used by the semiconductor ingtry for the
deposition of photoresist [Hil14]. By centrifugal forces the solutiors spread onto the
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Figure 3.5: Schematic representation of the deposition méiods separated in groups. (I) Drop-
casting; (II) Spin-coating; (II1) Printing: (a) inkjet pri nting, (b) spray-coating, (c)
stamping, (d) screening and (e) brushing; (IV) Meniscus-gided coating: (a) doctor-
blade (shearing solution), (b) Meyers rod, (c) hollow pen anl (d) dip-coating.
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sample, and the thickness of the layer is a ected by the spin speesl\&ell as by the solution
concentration, viscosity and temperature. This technique is alsotensively employed
for the deposition of solution-based (in)organic materials. For oagic semiconducting
solutions, o -center methods have shown some promising resultselto the unidirectional
alignment of the material [YGA" 14].

[11) Printing: This technique can be divided in several methods. Injet printing, spray
coating, stamping, screening and brushing are the most used piijples. However, the def-
inition of printing is sometimes merged to zone drop-casting or to mescus-guide coating
methods. In this work, printing is de ned as a deposition in which the mniscus is not
the main working mechanism responsible for the process, and théseno deposition of a
macroscopic drop on the samples. Inkjet printing is a traditional nteod and its advan-
tage is related to the absence of contact between the substraied the machinery, and
to the deposition of already patterned structures. The ejectionf the \ink" (solution) is
done on-demand by a piezoelectric or thermal element placed on thezzle [Hil06]. Spray
technique is similar to inkjet printing, however, in this case, the soludn is ejected by a
pneumatic-based system in form of droplets. These droplets amrhed by aerosolization
of the dispersion with pressurized air or inert gas. In the stampingethnique, the so-
lution is transported to the substrate using a stamp commonly madef a polymer .g.
polydimethylsiloxane = PDMS) to avoid mechanical damage of the sample. Variation
of this method, as gravure or exographic, can also be employed tacrease the process
throughput [SHK13, KYK14]. Screening deposition is similar to shadomask technique;
the layer is deposited and structured based on the openings in aesn placed on top of
the sample. The brushing method is a simple method which employs bhnes to deposit
and distribute the solution onto the sample. Especially for organic seconducting ma-
terials, this technique is helpful as it gives an orientation for the osmic crystal growth
[KNJ*07]. An important advantage of printing techniques is that most of & variations
can be adapted to roll-to-roll processes.

IV) Meniscus-guided coating: The linear translation between the bgtrate and the
coating tool is responsible for the deposition of the Im. In this metbd, the solution
meniscus is the main mechanism behind the deposition. Di erent toolg set-ups can
be used to control the Im thickness, orientation and quality. Docbr blade (shearing
solution), implementations of Meyers' rod, hollow-pen, or a simple dipoating into the
solution are examples of processing where the solution meniscus iscial for the Im
deposition. Most of these methods can also be implemented in roll4toH set-ups.
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Another way to deposit a material is done through a chemical bathin this case, the
sample is submerged in a solution, and through a chemical reactioretimaterial Im is
formed. Although it is largely used for surface coating in several indtrial sectors, this
method is unable to produce active TFT layers in a cost-e cient and eliable manner.
Commonly, these Ims are porous and exhibit inferior performanceompared to the Ims
deposited by vacuum or by the previously mentioned solution-baststhniques [GBKO04].

Aiming at a cost-e cient production, solution-based processes we used for the in-
tegration of the devices presented in this study. Therefore, spooating technique was
primary used due to previous experiences and available machinery itus In order to
avail the integration process to large area substrates, spragating was also used and
has shown promising results, as discussed in Section 4.2. Moreodertor blade tech-
nique was also brie y investigated (Section 6.3) to evaluate the wideunge of deposition
methods that can be employed in the integration process of TFTs. MAinteresting fact is
that between the di erent materials, ZnO is one of the few semicondtors that can be
deposited by all deposition methods (vacuum- and solution-basedyloreover, among the
binary metal-oxide semiconductors, ZnO is reported to present ¢hhighest performance
with adequate carrier mobility and current modulation properties@AL* 05, Kli07]. These
characteristics illustrate the importance of this metal oxide as a kematerial in the TFT
technology and thus justifying its use in this work.

3.2.2 ZnO Precursors

As discussed before, one of the approaches for the active semderting layer fabrication
is to use a precursor solution. For this method, the metal-oxide s&unductor is syn-
thetized using a metal precursor in solvent. After its deposition othe template, the Im
is pre-annealed in order to remove the solvent and post-annealedform the active semi-
conducting layer. During the annealing step, the main processes the achievement of
an active semiconductor are the precursor decomposition followleg a hydrolysis process
where the metal is bonded to hydroxyl groups. The nal step is tb dehydroxylation and
alloying of the Im; the hydroxyl groups are removed, the metal is bunded to oxygen,
and neighboring metal-oxide molecules become interconnected [KYA1For amorphous
metal-oxide systems as GIZO and 1ZO, which present more than a gla metal type in
their chemical compositions, the same steps occur [KYK14]. Howeyvthe initial solution
is a combination of all precursors. For GIZO systems, for examplie precursor contents
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Figure 3.6: Schematic diagram of the thermogravimetric andyses of nitrate-, acetate- and
chloride-based precursors. Adapted from [KYK14].

indium, gallium and zinc precursors and its electrical characteristictepend on the partial
concentration of each one of them [KDS09, JHM* 10, FKD* 12].

The choice of which precursor is used for the synthesis also plays iamportant role
in the integration process itself as it in uences the required annealjntemperature, as
well as the chemical compatibility of the solution with the substrate owith previously
deposited layers. Precursors for metal-oxide systems are conmfyonitrate-, acetate- or
chloride-based. The temperature necessary for an adequatatbgsis of the semiconduc-
tor can be evaluated by a thermogravimetric analysis. Figure 3.6 diefs a schematic
diagram showing the requirements for each precursor group. Bason the synthesis tem-
perature and on the exible substrates limitations, acetate- and itrate-based precursors
were evaluated.

Sol-gel processes of metal-oxide compounds are commonly de radthe formation
of an oxide network originated by a polycondensation of molecular gmursors [HW9O].
For the achievement of ZnO, commonly a zinc salt is required, and dapding on its
characteristics (precursor type), the reaction temperature s uenced as prior discussed.
First experiments were performed employing zinc acetate (Zn(Ag)as zinc salt. Generally
the Zn(Ac), is dissolved in an alcoholic or another organic solvent and subsequgran
alkaline solution is added to it [OKY97, Y102, HFKI04]. The routine usedn this study
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is based on the work of Hosonet al. [HFKI04] in which a non-basic solution method was
described for the preparation of ZnO precipitates. The generaaction is described as:

5(Zn(Ac), 2H,0)!  Zns(OH)g(Ac), 2H,0+8AcH!  5Zn0O+10AcH +5H,0:
(3.1)

For the reaction accomplishment, the following chemicals were mixedrirst, 5:5g of
Zn(Ac), was dissolved in 25ml of deionized water Then, the solution was heated to
60 C under vigorous stirring and, subsequently, :2g of 2-methoxyethanol (2-ME) was
dropwisely added to the mixture. Afterwards, water was added tih the total volume
of the precursor reached 50 ml. After 1 h under vigorous stirringhe agueous solution
was deposited onto the sample by spin-coating technique. It waspiesited on the wafer
during the low-spin phase at 800 rpm followed by a high-spin step of BDrpm for 30s
at room temperature. Although the high-spin phase in uences théhickness of the nal
layer, variations from 2000 rpm to 4000 rpm have not signi cantly canged the electrical
performance of the integrated devices. Immediately after the Istion deposition, the
sample was soft-baked at 11& on a hot-plate for 5min and then baked in a convection
oven at 200C for 1 h. Due to the temperature di erence between the solutionral the
substrate during the deposition, the formation of a reliable Im was at fully achieved.
The deposited Ims possessed a high density of cracks, particlesdlaagglomerations, and
the material did not cover the whole sample. Additionally, the relativdow temperature
employed was not su cient to achieve a complete synthesis reactiaf the zinc acetate pre-
cursor, as already expected taking into account the thermogriawetric analysis [KYK14]
and the TFTs characteristics described in Section 4.1. Moreover, arder to increase the
interparticle connection quality, the solution was deposited onto aamoparticulated Im or
mixed with a dispersion containing ZnO nanoparticles [LJKO7, LJJ" 08]. The electrical
characteristics of the transistors produced in this way were evaited in Section 4.2.

Aiming at a low synthesis temperature, zinc nitrate-based precwss were used as
they possess advantages regarding their thermal compatibility texible substrates. The
precursor synthesis is based on the work of Meyees al. [MAH * 08], where an ammine-
hydroxo zinc ink for ZnO TFTs is reported. This method uses simple tan hydration
chemistries and highly reactive aqueous precursors to obtain a higjuality ZnO with

" In this study, deionized water using reverse osmosis with minimum restivity of 18 M was used in
all steps and from now on the term water refer to deionized water.If for a particular reason another
water type (e.g. distilled or non-puri ed) is used, the term water is clari ed.
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crystallization at low temperatures. Moreover, it avoids the use ahetal-organic com-
pounds, which require a high activation and di usion energy, and enigys an all inor-
ganic hydroxo-condensation [BPS06, MAH08]. As a result of the weak acidity of the
ZnO?* ions, the energy required for the dehydration of the Zn(OH)and for the oxide
crystallization is much lower than for In(OH) and Sn(OH), [GGKL67, Sat05]. For these
reasons, the fabrication of pure ZnO through this method is promigy. Conjointly, the

use of ammonia adds the advantage of its extreme volatility and labileohding a ording

a low-temperature, rapid and low volume-loss decomposition prosem comparison to
other nitrogen-based ligands.

The following routine has the goal to provide a ZnO Im with low impurity concentra-
tion as well as to maintain a low synthesis temperature. Due to the farization of the
NOs! charge cloud by acidic metal cations, the purity of the initial soluble @NO3), is
important for the achievement of a low-temperature process. Fahis reason, 99.998 %
pure Zn(NQOz3), purchased from Alfa Aesar Co. was used. The zinc salt was dissolved
water to a total concentration of 0.5M Zn. Under vigorous stirringlO ml of 2.5M NaOH
was slowly added to 15 ml of the solution during the course of 5 min. &lreaction can be
expressed as:

Zn(NO3),(aq) + 2 NaOH(aq) ! Zn(OH),(s) + 2 NaNO3(aq): (3.2)

The hydroxide slurry was then centrifuged and the supernatanemoved. 20 ml of water
was added and stirred for 3 to 5 min, this step was followed by anotheentrifugation and
supernatant removal. The process was repeated 5 times in orderreduce N& and NOs!
contaminations caused by incomplete reaction. After a nal cenifiugation, the precipitate
was dissolved in 50 ml of 25 % aqueous ammonia to form the precurasr

Zn(OH)z(s) + x NHz(aq) ! Zn(OH)2(NH3)x(aq): (3.3)

Although ZnO could be dissolved directly in ammonia, a complete dissolanh of large-
grain ZnO powder is di cult to be achieved because of the kinetic obatles involving the
metal oxides [MAH" 08]. Additionally, the simple dissolution of zinc salt in ammonia also
degrades the low temperature synthesis as the precursor cantganon-basic counterions
[MAH*08]. In order to avoid this e ect and to improve the dissolubility, fres Zn(OH),
precipitates should be dissolved in ammonia. This process is alreadgdi$or more than 90

67



3 Integration Paderborn University

years for the synthesis and puri cation of bulk ZnO [DJ27]. Finally, &er the deposition
of the precursor on the sample, the following reaction is expected:

Zn(OH)2(NH3)x(aq) ! ZnO(s) + x NH3(g) + H0(9): (3.4)

If the initial compounds are free of contaminations and the solutiois properly puri-
ed during the rinse and centrifugation steps, the dehydration ath oxide crystallization
occur at temperatures below 10@C [BAL94, MAH* 08] enabling the process to exible
substrates.

In order to decrease the chemical complexity and to avoid multiple egps during the
centrifugation and supernatan removal, Theissmanet al. have proposed an alternative
synthesis process [TBSL1]. For this reaction, commercially available zinc oxide hydrate
(ZnO x H,0) was directly dissolved in ammonia. The solubility of the compound in am
monia was reported as su cient due to the crystal water, and thenal precursor solution
is similar to the one previously described [TBSL1]. On the other hand, this reduced
synthesis process requires a higher annealing temperature or @almg in a speci ¢ atmo-
sphere to achieve transistors with adequate electrical charadsgics [TBS* 11, BSTS12].
To reduce contamination and to maintain the crystallization of the zin oxide at lower
temperatures for the process to be suitable to exible substratehis synthesis method
was not applied but rather the procedure proposed by Meyegt al.

For the deposition of the zinc nitrate precursor, spin-coating témique was used. The
stock precursor was ltered by 5 m PTFE syringe Iter and deposited on a steady
wafer prior to the low-spin phase of the template at 800 rpm for 7 nd a high-spin step
of 3000 rpm for 30 s. Immediately after the precursor depositiothe wafer was soft-baked
at 115 C on a hot-plate for 5min. In order to achieve a thicker layer, the mrcess was
repeated up to 5 times. The sample was then baked in a convectioreovat 150C for 1 h
to ensure homogeneity and a complete crystallization of the layer.

When SiO, was used as gate dielectric, the precursor has shown a good wettia the
substrate and a uniform Im could be observed. By increasing the miber of the precur-
sor depositions, the layer uniformity is reduced, nonetheless thém is still homogenous.
One of the drawbacks of the employment of precursors for thetaevement of active semi-
conducting layers is the strict and necessary use of speci c chealgin its composition.
As the precursor used contains ammonia and oxidation elements,etlileposition of the
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ammine-hydroxo zinc solution on the highk nanocomposite (explained in Section 3.3.2)
damages this dielectric. Furthermore, material agglomerations drformation of clusters
on the Im were also observed. This e ect prevails the full use of thiprecursor on exi-
ble substrates when the highk dielectric is used without a protection layer, for instance.
Additionally, as the precursor reacts with aluminum (metal used fothe drain and source
electrodes), the employment of di erent transistors setups is liméd or the transistor per-
formance is reduced due to an unstable contact between the mletdectrodes and the
semiconducting layer. The electrical performance of the transst integrated using the
nitrate-based precursor is discussed in Section 4.1.

3.2.3 Nanoparticulated ZnO

In contrast to the precursor approach, in which the synthesis ¢iie semiconductor occurs
on the transistor template, by employing a nanopatrticle dispersiorsactive semiconductor
material, the integration process of the semiconducting layer is divad in two main steps.

First, the required nanopatrticles are produced; this can be donkrbugh high-vacuum and
high-temperatures processes aiming at the delivery of high-qualmanostructures. In this

way, the nanoparticle fabrication is achieved by the use of high-tbughput techniques
which maintain low cost due to mass production [KJK02, YI02]. The second main step
is the application of the nanostructures to the transistor templag. Thus, the nanoparticle
dispersion is deposited on the sample, followed by a low temperatur®gpess in order to
remove the dispersant mediume.g. water, ethanol, propylenglycol or butyl acetate. The
focus of the following discussion is the employment of nanopatrticle pléssions concerning
the integration process. The intrinsic properties of ZnO as well ahé charge carrier
transport are presented in Section 2.1.

The shape of the nanostructures has a strong impact on the dewiperformance as well
as on the integration process. ZnO can be found in a wide range ofelient nanostructures
enabling its employment in diverse elds of applications. For the integtion of transistors,
nanowires [GSLY05, KRA 14], nanorods [TGL 13, PPB" 16] and nanospheres [CK12,
DGD™ 16] are the most used structures. Due to the fact that sphericaanoparticles do
not require a speci ¢ orientation regarding the transistor templag, this form was chosen
in this study. Nonetheless, this shape leads to the creation of pelation paths and to a
high number of interparticle connections, as described in detail in &on 2.1 and 4.2.1.
Additionally, as reported by [OMNHO08, OH10], the size of the nanoptcles also plays
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an important role in the TFT performance. On the one hand, accuniation of charge
carriers at the dielectric interface may occur for large particles;nothe other hand, an
increase in the number of interconnection is observed in the casesofall nanoparticles.

In this study, the nanoparticle dispersion used in the integration mrcess of TFTs was
chosen according to the work performed by Wol [Woll11], where a widange of disper-
sions were evaluated, analyzing the solid content in the solution, tligspersion agent, and
the in uence of both the annealing temperature and the atmosphhe on the Im charac-
teristics. Along with the results already demonstrated by Wol [Wol1], an evaluation of
other possible dispersions was performed focusing on the depositiguality and on the
density of defects (through the analyses of photoluminescengeestra of the nanoparti-
cles). The defect density is partially responsible for the instabilitiesuling the transistor
operation, as reported in Section 4.2. The deposition of the nanafiele dispersion (con-
centration about 15wt%) was mainly conducted employing spin-caaty or spray-coating
using nitrogen as carrier gas. By virtue of variations in the depositiotechnique, as well as
of the template (di erent gate dielectrics and treatments), eactmethod used is described
along with the proper electrical characteristics of the di erent goups of integrated TFTs.

The fabrication of zinc oxide nanoparticles can be done by di erent ethods. Sol-gel
processes are a common approach where the dispersion contairtirey nanoparticles is
originated through a colloidal solution. Another method that is comatible with mass
production is the synthesis in vapor gas phase with ame reactor avith coupling with
microwave or electric arc [KJK 02]. Other techniques include laser ablation [DKM13,
GPK™* 15, SKH" 15] and milling [SASM13, PZY 13]. The nanopatrticle used in this work
are mainly fabricated by vapor gas phase and the dispersions wereyided by Degussa
GmbH, Nanophase Corporation Inc. and Sigma Aldrich Co.

Based on the study of Wol [Woll11], the water-based dispersioAdNano ZnO 20 DW
from Degussa GmbH was tested and evaluated for the integratio ©FTs, because of
its deposition quality and good stability (low agglomeration over time). The primary
nanoparticles size is in the range of 15-30 nm of diameter, howevkey are generally ag-
glomerated in 100 nm diameter clusters [Deg06]. Prior to the utilizatioof the nanoparti-
cle dispersions, an ultrasonic agitation was performed in order todak down large clusters,
achieving a homogeneous dispersion. A set of nanoparticléafoSunguard from Buh-
ler Inc.) dispersed in water, in ethanol and in butyl acetate providtby Sigma Aldrich Co.
was also evaluated [Buh16]. The water-based solution possessedaimieposition quality
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to the dispersion provided by Degussa GmbH. By using ethanol andithyl acetate as
solvents, the deposition wetting quality on di erent templates was improved; however, the
Im was commonly not uniform and defects were generally observeddditionally, an im-
proper adhesion to the sample was noted requiring a high-tempena¢ (> 400 C) step for
its xing, therefore preventing the integration on exible substraes. Water-based disper-
sions containing ZnO nanoparticlesAN-2650 [Nan16a],ZN-3008C [Nan16b],ZN-3014A
[Nanl16c]) were also provided by Nanophase Corporation Inc. WhileeZN-2650 and ZN-
3008C demonstrated strong agglomeration issues as well as a de cienpdsition quality,
the dispersionZN-3014A showed promising properties. It was stable over time, depicting
just a slight agglomeration e ect over months of storage, and sived adequate deposition
quality and electrical properties. The main di erences between thdispersions are the
size of the nanoparticles and their fabrication procedure (couplingechanism during the
synthesis and chemicals employed) [Nanl6a, Nan16b, Nanl6c]. Meez, the deposition
quality of the dispersionZN-3014Ais slightly superior compared to the water-based dis-
persions provided by Degussa GmbH and by Sigma Aldrich Co., achieviagIm with
lower defect density. The ZnO nanoparticles from this dispersion @sent predominantly
a spherical shape and an average diameter of around 70 nm [Nafjl6c

Through photoluminescence (PL) analysis, the nanoparticle dismons were evaluated
regarding their defect density. The PL spectra of the nanoparties are represented in Fig-
ure 3.7. For all nanoparticles samples, a drop of the dispersion waspdsited on a glass
microscope slide followed by a thermal treatment of 12CQ for 1 h in a convection oven
under ambient conditions. The PL spectrum was measured at roonermperature using
the 325-nm line of He-Cd laserR = 38 mW). The illumination intensity was determined
by a Thorlabs PM100D power meter console and a CCD-camera wasdsas detector.
The optical properties of ZnO are widely used in the literature for tb evaluation of the
compound quality. The two peaks observed in the spectrum are assated to the exciton
recombination related to near-band edge emission (NBE) in the UV g®n, and to the
deep-level emission (DLE) in the visible region usually observed in theggsence of struc-
tural defects and impurities PAL* 05, JP06, Kli07]. Generally, a high NBE/DLE ratio
corresponds to a low density of defects in the metal-oxide structu[@AL* 05, JP06, Kli07].
From the PL spectrum analysis, it is possible to observe the di ereedbetween the struc-
ture quality of the nanoparticles, which may account for the variaitity in the electrical
properties of the active semiconducting layer, as described in Seat4.2. Based on the
electrical performance of the TFTs integrated using the waterdsed solutionZN 3014A
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Figure 3.7: PL spectrum of the dierent ZnO nanoparticles dispersion including: NanoSun-
guard from Buhler Inc. dispersed in water (a), in ethanol (b) and in butyl acetate
(c), AdNano ZnO 20 DW (d) from Degussa GmbH, andZN-3014A (e), ZN-2650 (f)
and ZN-3008C (g) from Nanophase Corporation Inc.

from Nanophase Corporation Inc., the in uence of the temperate applied during the
solvent evaporation was investigated (Figure 3.8). As expectedp signi cant changes in
the PL spectrum were observed as no sintering process was initéhteZnO nanoparti-
cles require temperatures above 400 for the start of this process, as reported by Wol
[Wol11] and Leeet al. [LJIK™ 07, LJJ" 08]. However, the application of high temperatures
are not possible when integrating devices on exible substrate, teithey were not further
investigated. It is known that a deeper characterization of the dects present in a com-
pound can be achieved by the analysis at a few Kelvin® AL* 05, JP06]. Nevertheless,
for the applications aimed in this study, the evaluation at room tempature has depicted
adequate results for a qualitative investigation of the ZnO nanop#cles.

Besides the use of the commercially available nanoparticle dispersiomslling of ZnO
powder in order to break the ZnO particle into nanopatrticles was alsevaluated. There-
fore, a PM 100 milling machine from Retsch was used, and water anchahol were em-
ployed as dispersion medium. However, due to agglomeration e eetiter the milling pro-
cess as well as to the inability to achieve a homogeneous dispersionlmay this method
was discontinued. Furthermore, the physical stress during theiltimg process produces
several defects on the compound that require a high-temperaéuannealing step to avoid
instabilities issues for a later use as active material in transistors.
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Figure 3.8: PL spectrum of the ZnO nanoparticles dispersiorzN-3014A from Nanophase Cor-
poration Inc. under di erent temperatures (up to 250 C) during the solvent vapor-
ization step. No signi cant variation is observed as no siner process takes place.

3.3 Gate Dielectric

The gate dielectric material is also a crucial component that signi agly in uences the
transistor behavior as it is responsible for the capacitive coupling theeen the gate elec-
trode and the active semiconductor. An e ective coupling induces lsigher charge carrier
density at the transistor channel at a speci ¢ gate voltage. Conjntly, the gate dielectric
layer must present low leakage current, low density of pinholes, afdmust be reliable.
Gate leakage currents in the order of 16 10 “Acm ? are typically required for elec-
tronic circuits [CN15]. For these reasons, higk-materials are used as they have a higher
e ective capacitive coupling, which allows for a lower operation voltag and/or for a
thicker gate dielectric Im, reducing the leakage current and incresing the Im reliability.
Additionally to the electrical characteristics, the mechanical andhemical properties of
the material are also important as they increase or restrict the iegration process meth-
ods and the application eld of the product. For instance, for the tansparent and exible
electronic market, the gate dielectric should be transparent to thvisible light spectrum,
as well as endure the mechanical stress during both the fabricatiprocess and the op-
eration by the user. Further requirements are imposed by the sstvate, which depicts
low-temperature, mechanical and chemical stability; thereforghe dielectric deposition,
curing step and operation must be compatible with these requisites.
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A conventional gate dielectric used in the TFT technology is aluminumxide deposited
by ALD [FBM12, PMV *16]. On the one hand, the employment of such high quality
dielectric with high relative permittivity is a good approach; on the otker hand, ALD
technique is a slow and cost-intensive process, and thick aluminumidge layers tend to
break down when the exible substrate is bent. Other highc materials, such as hafnium
oxide, hafnium lanthanum oxide and titanium oxide can also be used;\Wwever, these ma-
terials not only increase production costs, but their interface withthe semiconductor is
also worse comparatively to aluminum oxide, and they are even lessmatible with the
integration on exible substrates [FBM12, PMV* 16]. When using silicon wafer as back
contact gate electrode, thermally grown silicon dioxide is largely empgied. However,
this approach is not an option for the integration on polymeric subsates. Addition-
ally, low-temperature deposition of Si@ by PECVD leads to an instable dielectric layer
[Hil14, Jae02]. Indeed, inorganic-based dielectrics present high tela permittivity, high
dielectric strength and low leakage current, which makes them theimary option for the
semiconductor industry. Conversely, their deposition requires swintensive vacuum pro-
cesses or high annealing temperatures preventing their utilizatiom ahe low-cost sector
and on exible substrates.

Polymeric dielectrics, on the other hand, possess better charadstics when handling
with exible templates, as they are able to endure the mechanical r&tss su ered by the
device during fabrication and operation [PMV 16, CN15]. These dielectrics, however, are
reported to have lower dielectric constants [CN15]. Moreover, poheric insulating ma-
terials commonly exhibit higher leakage currents and chemical instiity [WS09, CN15],
hence thicker layers are generally applied. In order to increase tb@pacitive coupling be-
tween the gate electrode and the active semiconductor, the emyieent of a hybrid system
is a good approach. These systems combine the exibility of the polanc matrix and
the high permittivity of inorganic compounds. As the integration of &ctronic circuits on
exible substrates is the main goal of this study, solution-based ¢mdielectrics compatible
with the substrate characteristics were chosen. Based on the nk® of Diekmann [Die08]
and of Wol [Wol11], two groups of dielectric were used, one being a @®linked polymer
and the other a nanocomposite, which possesses a higbharacter without decreasing
the exibility of the material.
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3.3.1 Polymeric Dielectric

The most important characteristics of a polymeric compound to bengployed in the TFT
technology are its reliability and its performance, depicting low leak&gcurrents, resis-
tance to chemicals and minor degradation over time. For low gate lesde currents,
the polymeric deposition must have high quality standards (pinholegde) and be ro-
bust. The operating voltage of the device can be lower if the dielemrpermittivity of
the compound is high or the polymeric layer is thin. Although the dielecic has to
be resistant to the chemicals used in further fabrication steps; itstructuration has to
be possible in order to open via connections for the contacting of @rent conducting
layers. One of the advantages of polymeric-based dielectrics is theual deposition by
solution-based processes. Therefore, similar techniques to thee® already described
for the semiconducting layer can be employed. Taking into considéin the semicon-
ductor, another important aspect is the interface between the sulator and the active
channel region. This interface has to be smooth and has to posséswv density of de-
fects in order to avail a good charge carrier transport in the chael. Conjointly, the
interface should exhibit adequate properties to facilitate the depdion of the subse-
guent material, which generally in bottom-gate setups is the activeemiconducting com-
pound. Commonly used organic dielectrics are polymers such as pdbyfnylphenol)
(PVP), poly(vinylalcohol) (PVA), polyimide (PI), poly(methylmethac rylate) (PMMA),
polystyrene (PS), and poly(per uorobutenylvinylether) (CYTOP) [WS09, CN15]. In or-
der to reduce the thickness of the dielectric while minimizing pinholesh& polymer should
be cross-linked forming a polymer chain. Additionally, this chain is comomly more re-
sistant to the chemicals used in the TFT integration [WS09, CN15].

In this study, cross-linked PVP was used as gate dielectric in the irgeation of the
TFTs. PVP is a weak acid polymer, and it is researched by several giws [VSS 10,
BMSS08, JDWMO05, HLK" 06] due to its variety of applications and to its simple fab-
rication process. Besides its application as gate dielectric, this polgmis also used as
responsive surface coating [UCEY10]. For the achievement of thess-linked PVP, the
polymer is normally dissolved in propylene glycol methyl ether ace(PGMEA), whereas
poly(melamine-co-formaldehyde)-methylated (PMCF-m) is used as cross-linking agent
[VSS" 10, CKM08, LKK* 07]. The proportion of 5:1:51 of PVP:PMCF-m:PGMEA, which
is based on the study of Wol [Woll1], was used in this work. Figure 3.9 psents the
chemical structures of the polymer.
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linking agent and (c) a cross-linked PVP chemical structure
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Through experimental measurements [Wol11], it was noted that theross-linked PVP
possesses a relative permittivity of about = 5:8 for frequencies up to 10Hz. As deposi-
tion method, spin-coating technique was used (low-spin phase = 8Q@0n for 7 s; high-spin
phase = 3000 rpm for 20s). Subsequently, a pre-baking step on atiplate at 150 C for
60 s for solvent vaporization and a further thermal treatment in aconvection oven at
200 C for 1 h to ensure the cross-linking reaction were performed in amht air. A nal
dielectric thickness of about 180 nm was achieved. The structurah (via connections)
was done by photolithographic technique and reactive ion etching (R) processing using
oxygen as reactive gas, as described by [Wol11]. As the polymer isssrlinked, it endures
the chemical stress caused by the solvents used in the photolitihaghic step.

The cross-linking reaction should not leave any mobile ions in the Im, berwise it may
lead to instability e ects in the transistor operation [VSS 10]. Due to a small variation
in the amount of cross-linking agent in the PVP solution, an alteratiorin the adhesion
of the aqueous ZnO dispersion used as active semiconductor to f@ymeric Im was
observed. This e ect was ascribed to the variation of the amountfchydroxyl (OH )
groups at and in the cross-linked dielectric. Additionally, Limet al. [LKK *07] and Faber
et al. [FBJ* 09] have reported that the use of PVP, especially due to the e eaf OH!
groups in this polymer, leads to a shift in the turn-on voltage of trasistors depending
on the direction of the gate voltage sweep corresponding to a hgsttic behavior in the
transfer characteristics. The presence of OHgroups at the gate dielectric surface changes
the PVP character from a nonpolar to a polar [LKK 07, VOLL04, JDWMO05]. Moreover,
polymer dielectrics, which contain a signi cant amount of hydroxyl goups inside or at
the surface, are responsible for hysteresis in organic transig@s well as for a higher gate
current leakage [KJJ 08, LKS" 06, LKK* 07].

3.3.2 Organic-Inorganic Nanocomposite

In order to increase the channel eld-induced charge carriers at speci ¢ gate voltage,
the use of a highk material should be considered. As discussed before, inorganicegat
dielectrics, although possessing high permittivity, are cost-inteivg (vacuum processing)
and are not entirely suitable to exible substrates, as the materidayer commonly breaks
down or defoliates when it is bent. Hybrid systems combining both thexibility and
solution processability of a polymeric matrix with the high coupling capatance of inor-
ganic compounds have been studied [CCIA4, FHTM15, BLO7, CN15]. Concerning the
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employment of inorganic-organic systems, there are di erent appaches, as for instance
the application of bilayer or multilayers of materials [WAT" 09, YJL" 13, JWK™ 13], the
incorporation of nanopatrticles of an inorganic compound into a polyen [FHTM15, CN15]
or the use of sol-gel processes [CN15].

In this study, a nanocomposite kK = 12 [DPHO08]) was used as gate dielectric. This
material purchased from Inomat GmbH (Neunkirchen, Germany) ibased on hydrolyzed
and condensed acrylate functionalized silane; soluble Ti compongntere introduced by
co-condensation to adjust its permittivity (trade name: Ino ex [no15]). This highk resin
combines the advantages of the polymeric matrixe(g. exibility) and of the inorganic
compound €.g. high dielectric constant). The dielectric resin was diluted in 1:7 in 1-
butanol and after its deposition by spin-coating process (low-spiphase = 800 rpm for
4s; high-spin phase = 2000 rpm for 20s) using ad® m PTFE syringe lter, it was
cured and cross-linked by a thermal treatment (11% for 30 min in a convection oven
in ambient atmosphere) and by an UV ( = 365nm and 200 Wcm ?) irradiation step
(4 min of irradiation done in steps of 40 s exposure and 60 s of breakgdrevent excessive
substrate heating). A nal dielectric thickness of about 150 180 nm was achieved. After
being cured, the dielectric is stable against most of the solvents ankdemicals used in the
subsequent TFT integration steps.

For the structuration of the layer (via connections), photolithogaphy technique and
RIE process using uoromethane (CHF) and argon (Ar), or wet etching using an al-
kaline solution containing sodium hydroxide (NaOH) were employed. Mever, in order
to simplify its structuration, rst experiments were performed teking advantage of the
UV cross-linking step of the nanocomposite. Therefore, selectattas of the layer were
partially exposed to the UV irradiation; the non-exposed areas clilibe removed using
a solvent such as acetone or N-methyl-2-pyrrolidone (NMP), avaiy photolithographic
and etching steps. Nevertheless, because of the design of thesknset available for the
patterning of the TFT, these tests were discontinued.

Due to the sensitivity of the cured resin to alkaline solution, an ovesVeloped pho-
tolithographic step on the dielectric may damage it, hence leading tostabilities in the
transistor operation. This in uence on the electrical performane of organic-based TFTs
is described in [3]. Moreover, depending on the methods used duritg drain and source
structuration, the nanocomposite layer depicts a hydrophobic a hydrophilic character.
These properties can be used to improve the deposition quality ofemext layer in the in-
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tegration process of the TFTs. The in uence of the surface chacter on the deposition of
the water-based solution containing the ZnO nanoparticles is dis@ed in Section 3.6.1.

3.4 Contact Electrodes (Gate/Drain/Source)

The materials used for the electrodes are fundamental for the eqation of the TFT as
they are employed not only as active material for the gate, drain @nsource contacts,
but also in the interconnection with adjacent components, as for stance, other TFTs,
LEDs and capacitances. Metals and other conductors, as ITO (inom tin oxide), 1ZO

(indium zinc oxide) and AZO (aluminum zinc oxide), can be applied depeimty on the
system requirements.

For the gate contact, in which a low current ow (static operation)is usually observed
in eld-e ect devices, the material is chosen primarily based on its copatibility with the
integration process as well as on its reliability. Here, transparent aerials as conductive
metal oxides are also applied and researched in order to increase tbld of application of
the TFTs [WS09, CN15, PMV" 16]. Regarding reliability, gate electrodes integrated using
sputtering technique usually possess a higher roughness comgdoeevaporated contacts,
increasing, therefore, the instability of the deposited gate dielgat and its leakage currents
[Wol11]. Another aspect that was experimentally analyzed was the imapt of di erent
methods used for gate electrode structuration [Pan06]. While eidy processes leave a
smooth surface for the deposition of the next layer, lift-o techiques create peaks at the
borders of the structure originated by the non-conformal depdion of the gate electrode
material. The intrinsic properties of the material itself, as the metawork function, are
reported to have minor to none impact on the TFTs electrical chaderistics. A direct
comparison between chromium, titanium, copper and platinum has stvn only minor
variation in the electrical properties of GIZO-based TFTs [MPZ13]. However, when
these materials are applied on exible substrates, mechanical pregies as the Young's
modules are important, since they de ne if an irreversible mechanicdeformation of the
template will or will not occur. This outcome is described in the next s#ion, in which
exible substrates are explored.

The choice of the drain and source electrode material is, on the ethhand, crucial
for the operation of the transistor. The material is in direct contat with the active
semiconductor; hence it is partially responsible for the charge car ow through the
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TFT. In this study, metals were chosen for the integration of the lectrodes, mainly due
to their high conductivity (lower resistance in comparison to metal xides) and to their
availability and prior knowledge in situ regarding their structuration and characteristics.
The selection of the metal was based on the work performed by WdWol11], in which
di erent materials were evaluated as contacts focusing on the etdacal characteristics of
the device. Since ZnO was employed as active semiconductor, alummnwas the logical
choice for the drain and source electrodes as, between the tdsteaterials [Wol11], it has
depicted the best performance.

Even though gold is also a promising alternative to be employed as draamd source
material, it has shown some issues regarding leakage currents in thensistor o -state
regime, which was ascribed as an ambipolar conduction of the semidoctor [Wol11].
An advantage of gold is the possibility to deposit it by a printing procesof a dispersion
containing nanoparticles of this material. Due to the use of nanopagles, the sinter
process to form a Im can be done at temperatures as low as 140) and the nal layer
possesses characteristics similar to vacuum-deposited Ims [WL@6]. Silver can also be
deposited and structured through solution-based techniques [HJ16, MNL" 14, SIK" 14].
Hence, Ag contacts can also be applied as gate, drain and source (DKSIK" 14, HJL" 16].
First experiments using evaporated silver as gate electrode metadlion have shown some
issues regarding its oxidation and local Im roughness, inducing highkeakage currents
and break down of transistors, as shown in Section 5.2.

3.5 Substrate

The TFT technology has already been investigated for decades whienables its employ-
ment in a wide range of new applications and products. Along with theaé€t that its
integration process is almost independent of the substrate (geaky used just as mechan-
ical support), there is the possibility to explore also the mechanicahd optical properties
of the applied materials. As a consequence, this technology is in astency, and it has
the potential to be constantly present in our daily lives in the upcomig years.

To accomplish this goal, the characteristics of the substrate ares amportant as the
entire integration process. Although this mechanical support hasinor in uence on the
TFT performance, when employing exible substrates, several a@tations to the inte-
gration process are required. Most of them are related to the tathat such substrates
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can only be handled at limited temperatures, to their sensitivity to cemicals or to their
exibility, i.e. all deposited materials su er from mechanical stress during the diee
fabrication or use. For instance, the use of non-malleable metalrt@ctions or dielectrics
may induce damages after bending the template. For this sake, albraponents (ma-
terials and integration processes) have to be carefully selected lbe compatible with
the substrate. There are di erent groups of materials that can & used as template in
the fabrication of exible electronics. Metal substrates, such aaluminum or stainless
steel, were already tested primarily due to their capability to enduréigh temperatures
[KKIJRH10, MMH * 14]. The main drawback of these materials, however, is their conduc
tivity, requiring an insulating layer on top of the substrate, increamg the device's weight
and production costs. Additionally, the application of such layer on anetal produces par-
asitic capacitances and cross-talk e ects in the transistor opdran. Nowadays, aiming to
better production cost and biological application, paper and othebiodegradable materi-
als are being also researched as an alternative for TFT templates [F¥16]. Nonetheless,
there are still concerns related to their instability and durability.

In this study, the materials used as substrates are polymers due their properties
and availability. Besides their exibility, polymeric templates are commaly transparent
to the visible light spectrum, which increases the eld of applicationsfdhe devices inte-
grated on them. Generally used polymers are: polyimide (PBl)polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), polyether ether ketong PEEK), polycarbonate
(PC), polypropylene (PP), polysulfone (PES), polyvinyl chloride (R/C), polyvinyl alco-
hol (PVA), parylene, and polydimethylsiloxane (PDMS). Each polymehas advantages
and disadvantages related either to the applications or to the integtion process. For
instance, Pl has attracted attention because of its high-tempature stability and surface
quality; however, due to its yellowish to brownish color, its applicatios for transparent
electronics are limited. Another example is the use of PDMS, which is iy stretch-
able and biocompatible; conversely, its processing and handling wittasdard techniques
are complex [WS09, CN15, PMV16]. PVC and PET were the primary investigated
substrates here. PVC foils have shown insu cient chemical stabilitybeing damaged by
common photolithographic solvents. Additionally, further instabilities related to thermal
deformation appeared when the substrate was heated to 1C5during the curing of the
photoresist.

8 Polyimide (PI) is commercially known as Kapton
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Based on their chemical and thermal stability, PET substrates werchosen and used
for the integration of the TFTs. First experiments were performeé on a CG3700 substrate
from 3M [3M97]. The foil, however, was designed to be used for laseinping machines,
thus it was coated with a layer to improve the toner adhesion. The ating layer was
not stable against the solvents, such as acetone and isopropanded in the integration
process. Therefore, this layer was removed in an ultra-sonic bath acetone followed by
a cleaning procedure with isopropanol. As discussed by Diekmann [8gGhe density of
local deformities originated during the substrate fabrication pragss induces a reduction
in the operation voltage of the transistors due to dielectric breakavn. After the coating
removal, the PET foil showed a high density of these defects dishing the structuration
of the subsequent layers. Moreover, residual akes of the insble part of the coating
layer were usually observed, increasing even more the number diedés on the substrate.
To reduce the e ects of the already existent defects on the terigte, the application
of a barrier layer was performed. Therefore, a layer of the narmuposite (the same
employed as gate dielectric) was applied; however, besides the iasein the complexity
of the integration process and in costs, this extra step in the faisation was responsible
for introducing additional instabilities in the de nition of the gate eledrode and in the
subsequent photolithographic processes. At this point, two appaches were considered:
one related to the improvement of the barrier layer and the otheretated to the choice
of the primary PET substrate. The second route was chosen aimirtg maintain the
integration as simple as possible, and to avoid any additional step.

As a result, a cooperation with Mitsubishi Polyester Film GmbH was eablished. Based
on the requirements demanded by the TFTs integration processhé Hostaphan GN
biaxially oriented PET series was indicated as the substrate with thedst features. This
series is characterized by high transparency, smooth surfacexldefect density), excellent
mechanical strength and dimensional stability. As a tradeo betwen the stability during
the handle of the substrate and its exibility, a 75- m thick substrate was selected. The
main characteristics of the PET foil are: 91 % transparency in theisible light spectrum;
Young's modulus from 4000 Nmm? to 4800 Nmm ?; roughness averageR) of 10 nm;
and shrinkage of less than 1% at 15CQ. Further information regarding the substrate can
be found in the product datasheet [Mit16].

Speci cally related to the integration process applied in this study, e substrate is
resistant against the employed chemicals as well as to the used teargture range. The
template is malleable enough and lined up with the mechanical requirents for later exi-
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(a) (b)
Figure 3.10: Metallization on 75- m PET foils using (a) 50nm chromium and (b) 50 nm alu-
minum and a second metallization of 150 nm aluminum on top of goartially struc-
tured template.

ble electronics integration. The physical deformation caused bydéltemperature gradients,
by the mechanical load, and by supporting the TFT structures aref minor in uence in

the integration process. Conjointly, as the substrate was acqenl through a cooperation
with Mitsubishi Polyester Film GmbH, it is available in diverse sizes, and it isuitable

for mass production at low costs.

The compatibility of the Young's modulus of the chosen compounds drsubstrate used
in the TFT fabrication is also a concern and should be addressed. FHmstance, when
chromium, that depicts a high Young's modulus (around 279000 Nmra[SBB92)), is used
as metallization layer, an irreversible bending of the substrate oasuif the ratio between
the substrate and the metal thickness is low. Additionally, due to ta low elasticity of
chromium, cracks in the metallization can be observed, as shown in kig 3.10a. These
cracks disable a reliable current ow through the metal layers beingnappropriated for
electronic circuits fabrication. For this sake, the material selectivis an important aspect
in the integration process of devices on polymeric substrates.

Metals with lower Young's modules, such as aluminum (around 70000 Nm? [SBB92])
and gold (around 79000 Nmn? [SBB92]), are more compatible with the integration pro-
cess on exible templates. For the TFTs integrated in this study, alminum evaporated
under high-vacuum conditions was applied as the main metallization layeBesides the
matching of the electrical characteristics when in contact with ZnQthis metal was used
due to its mechanical and chemical properties, which allow an adeqeatching process
and are compatible with the further integration steps, as descrilbein the upcoming Sec-
tion. Figure 3.10b depicts a single aluminum metallization (note the absee of cracks
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and defects), as well as a second aluminum metallization on a partiallyriectured tem-
plate (with gate electrodes and via connections through the gateetiectric) showing the
compatibility of this material with the TFT integration process. In order to avoid initial
in uence of the exibility of the polymeric substrate, the integration process and electri-
cal characterization of the TFTs were rstly performed on rigid sbstrates. Therefore,
oxidized silicor? and borosilicate glas¥ wafer were employed.

3.6 Processing

The structuration of the layers on exible substrates is, in genetasimilar to the one on
rigid substrates. Techniques such as etching and lift-o are oftensed. However, due
to the chemical, mechanical and thermal sensitivity of the polymerisubstrates, some
adaptations are required. The employment of shadow masks is udgdseveral research
groups; by applying this simple integration process, most of the amécal stresses, that
the substrate and previous deposited layers must endure duringe photolithography,
etching and lift-o processes, are avoided. Conversely, the useshadow masks limits the
structure resolution to around 10 m or even larger, depending on the deposition method
and on the mask density. Through a complicated and time intensive ghoyment of a
set of shadow masks, alignment systems and deposition methodghler resolutions were
also reported [AKZ 12, ZRL" 13]. However, further issues related to the layer reliability
and to the mask xing system are faced when large area substratare used. Moreover,
shadow mask technique is not entirely suitable for large-scale pradion of compact and
energy-e cient electronic circuits.

The mechanical stress su ered by the template is commonly dodgbg xing the poly-
meric foil on a rigid substrate, as a silicon or glass wafer. This technig, however, does
not make use of the substrate exibility and masks possible defectsiginated from the
mechanical stress during the device fabrication. A damage-fred@ase of the exible sub-
strate is complicated and requires extra processing steps incliegsproduction costs. For
this reason, devices are generally electrically characterized withoemoving it from the
rigid mechanical support. In case of an integration process withbthis support, such
practice can lead to an unexpected variation of the transistor's alical characteristics.

9 Standard 100 mm Si-wafer with more than 300 nm thermally grown oxic.
10 Borosilicate glass wafers with 100 mm cross-section and 0.5 mm thickss from Plan Optic AG.
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Figure 3.11: Image of the PET substrate with the integrated TFTSs.

In this study, rst experiments were performed by xing the polymeric substrate to a Si
wafer. Alternatively from the approach used by Diekmann [Die08], inkch an irreversible
xing method was applied, a Pl-based tape was employed. Severabstrate shapes and
sizes were tested, varying from square and polygonal shapesdand ones, and from over-
dimensioned to same-sized and under-dimensioned regarding thedrigechanical support
size. Notwithstanding, it was evidenced that the xing step was exemely time consuming
and not compatible with the machinery and processes used duringetintegration. More
than that, the resolution and yield achieved in the photolithographywere unsuitable.

An alternative and promising method investigated to avoid these ises is the use of
freestanding exible substrates. Moreover, this procedure aNg a more realistic scenario
of the mechanical stress su ered by the elements during a later t@-scale production.
Nonetheless, during the contact photolithographic process andetectric deposition, the
substrate has no support and its handle is complicated. As a solutiathe PET foil is only
temporary xed by a vacuum system during these fabrication step'. This temporary
xing enables an adequate photolithographic process on the entiseibstrate, as depicted
in Figure 3.11. A 100-mm silicon wafer was used as model for the shagel size of
the exible template, because the available photomask set and mackry were already
designed and adjusted for this dimension.

11 The development of the xing system and the adaptation of the phdolithographic technique on
exible substrate was performed in cooperation with Thorsten Meyers at the Paderborn University.
The process was published in [5].
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Figure 3.12: Confocal laser microscope image of a photolidgraphy process on a 75-m thick
freestanding PET substrate after the metallization.

Another important aspect of the developed process is the quality the resolution of the
photolithography technique on the PET substrate. The result oflie process was analyzed
using an Olympus LEXT 3D Measuring Laser Microscope OLS4000. Figu3.12 depicts
the quality of the photolithography with a resolution of about 1 m for the de nition of the
drain and source electrodes prior to the etching of the aluminum layeAs a consequence
of the temporary vacuum xing system, it is possible to align di erentmasks sustaining
the de nition of multiple layers on a freestanding exible substrate \ithout deteriorating
the resolution.

3.6.1 Device Integration Procedure

Based on the improved contact quality between the active semicamctor and the drain/
source electrodes of inverted staggered setups, the nanopetbased TFTs were rstly
evaluated applying this design. The general procedure for invedstaggered structures is
depicted in Figure 3.13. Lined up with the work performed by Wol [Wol1], the following
processing was employed on oxidized silicon wafer using PVP as gatdedigic.

A standard 100-mm silicon wafer was used for the integration of thenO nanoparti-
cle TFTs. Since the silicon wafer was used just as mechanical supgpdhe wafer was
thermally oxidized in order to achieve a 300-nm oxide to insulate the busilicon from
the transistors. Afterwards, a 50-nm thick aluminum layer was eysorated under vacuum
conditions and structured by photolithographic and wet-etching mpcesses to integrate
the gate electrodes. The aluminum etching solution contains 80 % ohgsphoric acid
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Deposition of the gate electrode material.

Substrate

Gate electrode structuration (photolitographic and etching
techniques).

Substrate

Gate dielectric deposition and curing.

Substrate

Deposition of the active semiconducting material (ZnO).

Substrate

Via connections opening (photolitographic and etching techniques).

Substrate

Photolitography and deposition of the drain and source material.

Substrate

Drain and source structuration (lift-off technique).

Source

Substrate

Figure 3.13: General integration process of inverted staggged TFTs employing ZnO nanoparti-
cles as active semiconductor.
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(H3PO4), 5% of acetic acid (CH{COOH), 5% of nitric acid (HNO3) and 10 % water
giving an etching rate of about 15 nmmin at room temperature’?. For the gate dielectric
layer, 180 nm of PVP was spin-coated on the sample. An ultrasonicitgion was per-

formed on the agueous dispersion of gas phased synthesized Za@oparticles provided
by Degussa GmbH in order to break down the agglomerations of ngasticles. There-
after, the solution (2 ml) was deposited by spin-coating process 8000 rpm for 30s. To
fasten the nanoparticles to the surface and to ensure a full rexsad of water, a soft bake at
110 C for 5min followed by a hard bake for 1 h at 20@ in ambient air were performed
forming a layer of about 300 nm thickness. Via connections were oge through the
semiconductor and gate dielectric using photolithography and a wetching step in an
agueous solution of ammonium uoride (NHF), acetic acid (CH;{ COOH) and propy-

lene glycol, and reactive ion etching with oxygen (£ to etch the ZnO nanoparticles and
the gate dielectric layer, respectively. Afterwards, aluminum (158m) was deposited by
evaporation and structured (drain and source electrodes) by kfi technique.

Due to the unstable transistor operation, investigated and disceed in Section 4.2,
and to the high temperature required for the PVP cross-linking redion, which partially
prevents its utilization on a wide range of polymeric substrates, thmtegration process
was adapted to employ the highk nanocomposite resin as gate dielectric. After the gate
electrode structuration and before the gate dielectric depositiprihe wafer surface was
treated in a 500 W oxygen plasma for 4 min to remove organic contarations and to
improve the surface wetting properties. Then, the spin-on higk-resin was deposited and
cured/cross-linked by the combination of thermal treatment at 15 C and UV irradiation
forming an about 200-nm thick (due to the activation in oxygen plasa) gate dielectric
layer. Afterwards, a 20s oxygen plasma treatment was perforohéo activate the surface
of the dielectric layer for the ZnO nanoparticles deposition. The viapening through the
semiconductor and through the gate dielectric was performed ugiphotolithography and
wet chemistry (aqueous solution of ammonium uoride (N&F), acetic acid (CH;{ COOH)
and propylene glycol), and reactive ion etching with uoromethane@HsF) and argon to
etch the ZnO nanoparticle and the gate dielectric layer, respectiye Drain and source
electrodes were fabricated by a subsequent evaporation of a <t#0 thick layer of alu-
minum using lift-o technique.

12 The etching processes were preferably conducted at room tempsure. This was done aiming at a
better and smoother later transfer of the process to polymeric gbstrates.
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As described in Section 4.2, along with the reduction of the TFT opetiag voltages
and the increase in the transistor stability and performance by entgyment of the highk
nanocomposite, a hysteretic behavior in the transistor's I-V cue/was still observed. This
instability e ect can be ascribed either to the chemical and physicatress su ered by the
semiconductor during the drain/source structuration or to the Igh density of defects
observed in the ZnO nanoparticles. Therefore, inverted coplandiFTs were integrated
to identify the origin of the instability, albeit the lower quality of the contact between
the drain/source electrodes and the semiconductor. During thevastigation employing
the inverted coplanar setup, di erent dispersions containing ZnO anoparticles (already
listed) and precursors were evaluated. The main results concergithe electrical charac-
teristics of the precursor-based TFTs are described in Section 4dd the ones regarding
the TFTs with the nanoparticle dispersion in Section 4.2.

Additionally to the transistor setup modi cation, the integration pr ocess was improved
to be compatible to the polymeric substrate. The main changes arelated to the methods
used for the via connections structuration, to the maximum pro@s temperature and to
the absence of @ plasma treatment for the activation of the dielectric layer prior to he
nanoparticles deposition. Previously, the etching of the higk-resin was done employing
a reactive ion etching system; however, this process is not fullly cpatible to the poly-
meric substrate. Therefore, the nanocomposite etching prosesas performed applying
an alkaline solution based on NaOH. This etching process depicts gaadectivity to the
unexposed photoresist part, even considering the isotropic chater of the development
process and dark erosion. Because of the sensitivity of the alunmmwate electrode to
the solution, a protective layer of 7 nm titanium was evaporated orhe wafer prior to its
structuration. Conjointly, the maximum temperature was de nedto be 115C when the
positive aspect of the photoresist was used, while it was de ned to be 12@ when the
reverse bake process was used (generally, if lift-0 technique ispdipd). The structures
were pre-de ned by the available photomask set.

The general procedure for inverted coplanar structures is defed in Figure 3.14. An
oxidized silicon wafer was primary used and only processes that audlyf compatible to
exible substrates were performed. Subsequently to the depasit of the layer sequence
of 50 nm aluminum and 7 nm titanium under high-vacuum conditions, thgate electrodes
were formed by a contact photolithography technique followed byet-etching processes.

13 The photoresist Clariant AZ 5214E can be employed using its positive pnegative tone character
depending on the processing performed as described in [Mic00].
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Deposition of the gate electrode material.

Substrate

Gate electrode structuration (photolitographic and etching
techniques).

Substrate

Gate dielectric deposition and curing.

Substrate

Via connections opening (photolitographic and etching techniques).

I Substrate j

Photolitography and deposition of the drain and source material.

Deposition of the drain and source material.

7
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Gate
Substrate

Substrate

. . . . Drain and source electrodes structuration (photolitographic and
Drain and source structuration (lift-off technique). etching techniques).

Source i Source

Substrate Substrate

Substrate

Figure 3.14: General integration process of inverted coplaar TFTs employing ZnO nanoparticles
as active semiconductor.
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The titanium layer was etched at room temperature using an aquessolution containing
ammonium hydroxide (NH,OH) and hydrogen peroxide (HO,). The etching of aluminum
was performed as previously described for the inverted staggésetup. Then, the spin-on
high-k resin was deposited and cured/cross-linked forming a 150-to-18@ thick layer.
Via contacts were opened through the gate dielectric using photdibgraphic process and
wet chemistry technique.

The next step is the structuration of the drain and source contas that is followed by
the deposition of the semiconducting layer. Due to the attractiverpperties of the water-
based dispersion containing the ZnO nanopatrticles, the main discigss here concerns its
processing and deposition, whereas the results on the TFT electiicharacteristics are
discussed in Section 4.2.

After the gate dielectric patterning (via connection opening), thedrain and source
contacts were integrated by photolithography and lift-o techniquies of a 150-nm thick
aluminum layer evaporated under high-vacuum conditions. After il processing, the
gate dielectric exhibits hydrophobic character. By using a spin-cbag process for the
deposition of the ZnO water-based dispersion without Oplasma, the adhesion between
the nanoparticle dispersion and the gate dielectric is de ciett. Figure 3.15a depicts the
uneven deposition of the nanoparticles, which results in poor traissor's electrical perfor-
mance and low yield. The use of spray-coating has some advantalgased on the absence
of centrifugal forces (present in spin-coating processes) and ibs better compatibility
to large area substrates. Due to capillary e ect, the main portion fothe nanoparticle
dispersion lls the active transistor channel area (see Figure 3.1pmcreasing transistor
yield and performance. Notwithstanding, the di erence in the sudgce energy of the alu-
minum (drain and source electrodes) and of the gate dielectric indes agglomeration of
the dispersion on the metal contacts.

In order to improve the active semiconductor deposition, the spyacoating technique
was applied on a 60C heated substrate. The simultaneous solvent evaporation and-de
position of the nanoparticle solution lead to the formation of a nanaggticulated Im.
Despite the improvements in transistor yield and in the uniformity of he deposition, this
approach induces the formation of large grain boundaries (Figurel5c) and trapping of
charge carriers in the semiconducting Im. Another approach to imq@ve the deposition

1% The results concerning the quality of the deposition of the water-lased ZnO nanoparticle dispersion
were partially published in [16].
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(@) (b) (©)

(d) (e)

Figure 3.15: Nanoparticle depositions using di erent surface treatments and deposition tech-
nigues; (a) spin-coating, (b) spray-coating and (c) sprayeoating onto a heated
template on hydrophobic surfaces, (d) spray-coating on @ plasma treated surface,
and (e) spin-coating on hydrophilic surface.
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of a water-based solution on the template is to enhance the wettippgoperty of the gate
dielectric. A hydrophilic surface can be achieved by an plasma treatment. After the
samples were treated for 20s in a 500 W,(plasma, the semiconducting dispersion was
applied, the result is shown in Figure 3.15d. On the one hand, the impted deposition of
the ZnO nanoparticles increases the number of operating devic&n the other hand, dur-
ing the O, plasma step, the drain and source Al-based electrodes are oxidiziEtreasing
the contact quality to the ZnO and, thus, the current level in the tansistor. Additionally,
due to the presence of energetic ions in the plasma, the gate dielects also damaged,
increasing leakage currents and instability e ects.

It was noted that, if the drain and source electrodes are integratl using a wet-etching
process instead of a lift-o technique, the gate dielectric layer extits a hydrophilic char-
acter'®, In this case, by depositing the nanoparticle dispersion by a spinating process,
the semiconducting material is able to cover most of the sample (Figu3.15€). Neverthe-
less, the already structured drain and source electrodes and tbentrifugal forces caused
by the spin-coating process lead to an uneven deposition of the garticles, which de-
creases the quality of both the internanoparticle connections aritie contacts between
the drain and source electrodes. Based on previous results achtbwusing spray-coating,
the nanoparticles were deposited by this technique on the hydroifib surface after the
de nition of the drain and source electrodes. Due to the good subate covering and to
the improved transistor performance, this method was selectedrfthe inverted-coplanar-
device integration on exible substrates, as shown in Figure 3.16.

In Figure 3.16, it is also possible to observe that the integration press is fully compati-
ble with the PET substrate. Along with the high resolution achieved inte photolithogra-
phy on exible substrates, another important aspect to be highligied is that the material
of the drain and source electrodes can be changed. This exibility irhé template fabri-
cation avails the same process to di erent semiconductors. Theaibe of the material for
a speci ¢ semiconductor will depend on the position of its work funiin with respect to
the valence/conduction band of the inorganic semiconductor or tine frontier molecular
orbitals (highest occupied molecular orbital, HOMO, and the lowest wtcupied molecu-
lar orbital, LUMO) if an organic semiconductor is used. For examplehe employment of
gold for the drain and source electrodes on the template enable® thvaluation of organic

15 The high-k nanocomposite surface character modi cation from hydrophobicto hydrophilic is ascribed
to the variation on the surface roughness and on the amount of OH present at the surface. The
origin of such e ects are still under research and more informationcan be found in [3].
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Figure 3.16: ZnO nanoparticle TFTs set integrated on PET substrate using a spray-coating
process on a hydrophilic surface.

semiconductors such as pentacene or DNTT [Sirl4, WS09]. Neveitttss, the use of other
materials for the electrodes (source, drain and gate) and intermoections will also depend
on the Young's modules of the chosen materials, as already discdss€or this reason,
the range of possible compounds is limited, at least for certain thickases.

Following the integration procedure, the semiconductor is usually ¢hnext to be de-
posited. Depending on the properties of the compound and on thembsition method,
the characteristics of the gate dielectric surface also play an imgant role in the de-
position quality. For example, if a water-based solution is used, theytirophilic surface
achieved by the etching process will lead to a formation of a reliable &y Conversely,
the hydrophobic surface character after the drain and sourcéeetrodes structuration by
lift-o technique induces a better deposition quality when other solents are used. For
inorganic semiconductors deposited by vacuum techniques, such sputtered ZnO, the
surface properties of the gate dielectric will not directly in uence lte deposition quality;
although the roughness at the interface leads to charge carrieapping. Nevertheless, the
surface energy may induce a shift on the electrical characterigiof the transistors or, in
case of organic semiconductors, a di erent crystalline growth. Aegper work concerning
its in uence on the characteristics of the organic semiconductoBNTT and Cg{BTBT
can be found in [2] and [3].

The active semiconductor was selected based on its handling, solatgiability, deposi-
tion quality, and electrical performance (TFT characterization) ing an inverted coplanar
setup. Additionally, the stabilization of the ZnO nanopatrticles by UV iradiation and wet-
air treatment (described in Section 4.2) was also performed in thistsp. Afterwards, the
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device structure was again transferred to an inverted staggerelesign due to the better
performance usually observed in such setups.

For the inverted staggered setup, the processes up to the galielectric deposition and
curing/cross-linking step are the same as the ones followed for tineerted coplanar setup.
After the deposition of the nanoparticulated dispersion by spin-ating technique, via
connections through the semiconducting layer and through the tgadielectric were opened
to contact the gate electrode. The drain and source electrodegne structured by lift-o
technique of a 150-nm thick aluminum layer evaporated under higlaguum conditions.
During the transfer process to the inverted staggered setuppree adaptations regarding
the deposition of the semiconducting layer and the stabilization of hnanoparticle were
done. These adjustments as well as the transfer of inverter ggered structures to PET
substrates are described in Section 4.3.
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CHAPTER4

ZINC OXIDE TRANSISTORS

The ZnO transistors integrated according to the processes debed in Chapter 3 were
electrically characterized following the method addressed in Secti@®.4. This chapter
focuses on the characterization analysis and performance evaiom of the TFTs. The
rst part of the discussion is related to precursor-based TFTs, specially the ones as-
sociated to the nitrate-based semiconductor. Nonetheless, digethe intensive research
in nanoparticulated ZnO Ims, the main part of this study is focused a the analysis of
nanoparticle-based devices. First, the transport mechanism ofiarge carriers through
the nanoparticulated Im and its e ects in the TFT behavior are presented. The second
subsection is related to the identi cation and reduction of the insthilities in the transistor
operation performed on rigid substrates. Afterward, the trarfer of the integration pro-
cess to exible substrates is discussed. Finally, the transistor dfermance improvement
by the application of an inverted staggered setup on rigid as well as exible substrates
is presented.

4.1 TFTs with ZnO Precursors

The application of precursors is widely used for the integration of rted-oxide transistors
[DJS* 15, KYK14, FBM12, PMV* 16]. As discussed in the previous chapter, the use of
di erent precursors (chlorine-, acetate- or nitrate-based) la#s to an adaptation of the
integration processes as well as di erent temperature requiremts for materials synthesis
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[KYK14]. In order to keep this temperature as low as possible, acé¢a and nitrate-based
ZnO precursors were evaluated.

The rst experiments employing the zinc-acetate-based precwswere performed on a
p-type Si wafer using about 200 nm of thermally grown Si{Oas gate dielectric to simplify
the fabrication process of the template and the evaluation of thdeetrical characteristics
of the transistors. In order to increase the contact quality beteen the gate electrode
(Si wafer) and the measurement system, the oxide on the wafebackside was removed;
aluminum (> 200 nm) was then evaporated under high-vacuum conditions and reealed
at around 400 C for more than 30 min to ensure a low-resistance contact to the Sihe
drain and source electrodes (150 nm of e-beam evaporated alummuwere structured
by photolithography and wet-etching techniques. As described gviously, the acetate-
based precursor was maintained at a temperature of 8D prior to its deposition on the
transistor template. As a result of the temperature di erence b®veen the wafer and
the precursor, as well as of the temperature variation when thelsition was transferred
to a syringe, the deposition quality on the wafer was de cient. This @ounted for a
high density of defects; cracks and irregularities on the Im. Aiming tathe enhancement
of its wetting properties, the template was pre-treated in @ plasma; however, the Im
formation was still not reliable, preventing the use of this precursao achieve ZnO as
an active semiconducting material. Under these circumstancestepts to improve this
deposition method as well as to produce operating transistors ugirthis process were
halted. Nevertheless, an interesting e ect was observed whenighwater-based precursor
was deposited on top of the nanoparticulated ZnO Im. In this casean improvement
in the TFT electrical characteristics and a reduction of the hystegsis in the transistors
transfer curves were noted, as discussed in Section 4.2.

The employment of the nitrate-based precursor in the integratiomprocess depicted
more promising results than the acetate precursor variation; a séconducting Im was
easily deposited onto the transistor template. ZnO TFTs were integted in both inverted
coplanar and inverted staggered structures using ammine-hyctimzinc precursor applying
temperatures below 150C. The precursor preparation, presented in Section 3.2.2, was
based on the work of Meyerst al. [MAH * 08], in which a chemical procedure for a nitrate-
based precursor was proposed, allowing the formation of a polystgiline ZnO layer with
simple processing steps and with limited synthesis temperature.
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Figure 4.1: Input (a) and output (b) characteristics of a ZnO TFT with the deposition of one
layer of the nitrate-based precursor integrated in an inveted coplanar setup. The
inset depicts the cross-section of the TFT.

For the inverted coplanar structures, Si wafer, Si@and Al were employed as gate elec-
trode, dielectric, and drain and source electrodes, respectivelpplying the same process
used for the TFT with the acetate-based precursor. After the @position and thermal
treatment of the amine-hydroxo zinc, the transistors were elettally characterized. The
input and output characteristics of the ZnO TFTs with inverted copanar structure are
depicted in Figure 4.1. The transfer characteristic exhibits minimalysteresis. The tran-
sistor Von is approximately 2V and the Vy is around 34V, extracted from the linear
extrapolation of the [lfz graph. The eld-e ect mobility, extracted from the transconduc-
tance, is 8 10 °>cm?V !s !, the I on=lopr ratio is about 1 and the subthreshold swing
is 21 V=dec.

As already addressed, for inverted coplanar setups the main limitah of the transis-
tor performance is the quality of the contact between the semicduacting layer and the
drain and source electrodes. Additionally, due to its ammonia conterthe nitrate-based
precursor interacts with the aluminum electrodes, increasing the stability of these con-
tacts. These issues can be avoided through an inverted staggesetup, in which the
metal electrodes are placed on top of the semiconductor following itrregularities. For
the integration of such setup, prior to the structuration of the 50-nm thick Al by pho-
tolithography and lift-o techniques, the nitrate-based precursr was deposited on the
oxidized wafer and thermally treated.
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Figure 4.2: Input (a) and output (b) characteristics of a ZnO TFT with the deposition of one
layer of the nitrate-based precursor integrated in an inveted staggered setup using
lift-o technique. The inset depicts the cross-section of the TFT. Forward sweep:
solid / backward: open.

The | V graphs for the inverted staggered setup are presented in Figu4e2. The
Von is equal to 14V {/r = 20V), eld-e ect mobility, Ion=lorr ratio and S are about
0:02cntV 1s 1, 10" and 1:2 V=dec, respectively. Comparing the transistors V curves
of both setups, inverted coplanar (Figure 4.1) and inverted stagged (Figure 4.2), it is
possible to observe a signi cant increase of the drain current levelhen the staggered
setup is employed. The shift of the transistor threshold was ascel to the stress suf-
fered by the semiconducting material during the drain and sourcdrscturation as well
as to the possible diusion of Al to the ZnO Im in the coplanar countepart, which
changes the metal-semiconductor contact behavior. Di erentdm the results achieved in
[MAH* 08, TBS" 11, BSTS12], there is no clear saturation of the drain current in theut-
put characteristics. Even employing an inverted staggered setug relative high contact
resistance can be noticed by the analysis of the linear region of thetgut characteristics
in Figure 4.2b. At high gate voltages, the semiconductor channel islffy formed and
presents high conductance; thus, the contact resistance domias and limits the drain
current during the drain voltage scan. At low gate voltage, howevgthe channel resistance
increases, hence the drain current depicts a better saturationeet. Indeed, by the em-
ployment of an inverted staggered structure, the contact quaiitbetween the drain/source
electrodes and the semiconducting layer is improved. Nevertheleas a lift-o technique
was used, residues of photoresist, which were eventually not remd during the devel-
oping step, act as a barrier for the current ow increasing the caact resistance of the
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Figure 4.3: Input (a) and output (b) characteristics of a ZnO TFT with the deposition of 5
layers of nitrate-based precursor integrated in an invertel staggered setup. Forward
sweep: solid / backward: open.

transistors [XOW* 15]. Employing shadow masks as in [MAHD8, TBS" 11, BSTS12],
the ZnO layer will not be a ected by further processing steps or byrganic residues, yet
the use of this technique may impose limitations for future scaling aniass-production.
Moreover, in the integrated TFTs, the semiconducting layer fornteby the nitrate-based
precursor presents a good adhesion to the oxide layer for suhsag fabrication steps
(lift-o technique) even at low annealing temperatures (150C). This was not observed in
the case of nanoparticulated ZnO layers when SjQvas applied as gate dielectric, unless
a higher temperature step was performed to promote its adhesi¢38].

Aiming at the improvement of the semiconducting layer, the precuos deposition and
the curing step were repeated 5 times in order to Il possible craclksd gaps in the Im,
increasing its reliability [KYK14]. The electrical characteristics are sbwn in Figure 4.3.
Through the deposition of multiple layers of the ZnO precursor, thenpact of grain bound-
aries and of the ambient atmosphere is also expected to be reduchidtably, the e ect of
the oxygen at the semiconductor surface is well-known to depletieet ZnO surface [Hir85].
One may expect that by employing a thicker ZnO layer (by multiple depsitions and
curing steps of the precursor), the depletion region (created #te semiconductor surface
exposed to air) will not be extended to the dielectric/semiconductanterface. Since the
TFT operation principle is based on the accumulation of carriers at ik interface [SNO7],
the voltage when the transistor starts to conduct will be shiftedd the left (negative val-
ues). This e ect can also be observed by comparing Figure 4.2a angjlre 4.3a, in which
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Figure 4.4: ZnO TFT scaling behavior depicting the linear rdation of the drain current as a
function of the transistor's (a) width and (b) length. The da ta are from ZnO TFTs
integrated in an inverted staggered setup with 5 repeated dgosition and curing
steps of the nitrate-based precursor. The insets are optidanicroscope images of the
structures during the electrical characterization.

Von and Vy are shifted from 14V and 20V down to 10V and 16V, respectively. Silar
results were reported by Theissmanat al., when a thicker ZnO layer was used [TBSL1].
Moreover, it is possible to observe that the drain current is slightlyigher, which is related
to the increase of the number of charge carriers not a ected byapped oxygen at the
semiconductor surface [Hir85, VMJ07a], and to the improvement ¢iie Im morphology
[TBS* 11]. No signi cant changes in the o -current were observed wherhe thickness of
the semiconductor was incremented by multiple precursor depositi® [CLK* 08, FBM12].
These observations reinforce the assumption that the semicorador surface exposed to air
is depleted and in uences the dielectric/semiconductor interfaceNonetheless, it should
be noted that as the multiple deposition steps were performed undambient conditions,
oxygen molecules can be trapped at the inter-layers of the ZnO Inwhich may induce
variations in the TFTs characteristics.

The scaling properties of the integrated transistors were also irstegated. In Figure 4.4
the drain current magnitude as a function of the transistor's widtrand length are plotted.
A linear behavior, similar to that expected for standard MOSFETSs, an be observed. The
insets of Figure 4.4 depict optical microscope images of the struots during characteri-
zation.
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Figure 4.5: Input (a) and output (b) characteristics of a ZnO TFT with the deposition of one
layer of the nitrate-based precursor in an inverted staggeed setup after 7 min of
UV-light irradiation. Forward sweep: solid / backward: open.

Based on the premise that the oxygen trapped in the ZnO layer carelvemoved by UV
irradiation [Hir85, VMJO07a], the transistor with the characteristicspresented in Figure 4.2
was exposed to UV-light ( = 365 nm and 200 Wcm 2) for 7 min in steps of 30 s of expo-
sure time and 30s of break. This was performed to prevent exdgsessubstrate heating
and possible damageg.g. cracks, of the semiconducting layer. After the irradiation, the
transfer characteristics of the transistor (Figure 4.5a) depictea pronounced hysteresis
( Von =11V and V4 = 14V) even though the output characteristics (Figure 4.5b),
lon=lorr ratio, subthreshold swing and eld-e ect mobility su ered just minor varia-
tions. The forward threshold voltage was strongly shifted to the fe(from Von = 14V
to OV and from Vy = 20V to 10V), which is in agreement with the desorption of the
oxygen trapped at the ZnO surface. Nonetheless, damage on B, may occur upon
UV exposure [Lin94, TFK94] originating instabilities in the transistor @eration. Fur-
thermore, since no passivation was applied and the layer was still @ged to ambient
atmosphere, oxygen adsorption was expected during the chaexzation, leading to per-
formance degradation. Similar results were achieved by Xat al. [XFH* 12] before the
application of polydimethylsiloxane (PDMS) as passivation layer on a Zh TFT with
comparable integration routine. Hence, prior to the application ofuch layer, a UV ir-
radiation treatment can be performed to remove trapped oxygeat the semiconductor
surface, reducing the transistor's operation voltage.
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Figure 4.6: Input (a) and output (b) characteristics of a ZnO TFT with the deposition of 5 layers
of the nitrate-based precursor in an inverted staggered sefp employing the highk
resin as gate dielectric. Inset depicts the cross-sectionf the TFT.

Due to the encouraging results obtained employing a Si wafer as kagate contact
and SiO, as gate dielectric, the nitrate-based precursor was evaluated alsn the highk
resin. Therefore, a similar inverted staggered template was usekchanging the SiQ for
the nanocomposite. In order to achieve a better homogeneity,ghdeposition and curing
processes of the nitrate-base precursor were also performeuies. The input and output
characteristics are depicted in Figure 4.6. The extractedoy is approximately 5V (Vr =
22V), eld e ect mobility around 4 10 “cm?V s 1, Ion=lorr ratio in the range of 16
and subthreshold swing of about:6 V=dec. Despite the reduction of the current levels, the
transistors depict su cient electrical performance and they areéntegrated at temperatures
which are appropriated to some exible substrates. Notwithstanidg, the nitrate-based
precursor contains oxidant agents in its composition that along withmmonia, also present
in the precursor solution, are responsible for damaging the gate léetric. As a result,
agglomerations of a mixture of ZnO and highk-resin as well as a high defect density were
observed on the semiconducting Im. Further e orts were takend apply the compound
using spray-coating technique; however, its high volatility prevesta reliable process.
Another observed e ect was the time sensitivity of the solution, h&ce its degradation
over time. Due to these limitations, to obtain a constant and reliable nocess as well as
a stable ZnO Im is complicated; therefore, the integration of TFTs pplying precursors
was discontinued.
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4.2 Nanoparticulated ZnO TFTs

The advantages of employing a dispersion containing nanostrucas of the materials to
be applied for the integration of TFTs are innumerous aiming at a lowesst production on
large area substrates. Besides their availability in di erent forms ahsizes, the nanostruc-
tures can be dispersed in several solvent types, increasing theampatibility to speci c
processes and applications. In this section, the main results andadysis concerning
ZnO nanopatrticulated TFTs, either on rigid or on exible substrates are presented. The
discussion starts with the charge carrier transport mechanism inanoparticle networks,
which is strongly a ected by grain boundaries and by conduction tlough percolation
paths. Secondly, nanoparticle-based transistors on rigid substes are presented. They
were studied in order to optimize the integration process and to pvimle comparative
results for the subsequent integration on exible substrates. Aimg at an improved per-
formance, the transistor setup was modi ed, which leads the readto the next chapter,
where inverter circuits and ring oscillators are addressed.

4.2.1 Transport Mechanism

The integration of transistors using nanoparticle dispersions hasdeed, advantages con-
cerning low-cost production and the application of methods for laggarea substrates.
However, the employment of a nanoparticulated semiconducting Increates a network
which forms preferable current paths; hence, the transport manism is commonly gov-
erned by the percolation theory [Meu99]. Although the formation athis network as well
as its e ects are enhanced when nanoparticles are used, one $tiawtice that polycrys-
talline semiconducting Ims integrated using sputtering techniquesra precursor solution
also give origin to a conduction through grain boundaries and pretdsle paths for the cur-
rent ow [HYC * 08, GPF" 06]. Therefore, the e ects observed for a nanoparticulated Im
can also be observed in those Ims, though their occurrence andeih in uence on the
transistor's characteristics may di er.

Albeit the transport through percolation paths is generally obseed in non-crystalline
materials, crystalline semiconductors also present this kind of camction based on an
uneven energy potential distribution in the material. In modern naascaled MOSFETS,
there is an irregular transport of electrons through the transistr channel mainly due
to random dopant uctuation, which also forms percolation paths dr the current ow
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[dWB06, BWd09]. The capture and emission of charge carriers by defs (traps) in a path

a ect the current ow electrostatically, modifying the transistor current level. This trap

activity creates a step-wise behavior in the drain current called Raom Telegraph Signal
(RTS). The occurrence of a RTS is based on stochastic procesaes its measurement
depends on the traps capture and emission time constants, and oontrolled and non-
controlled system variables, hence a reliable prediction of its incidencs complicated. In
this study, despite the relative large transistor size, similar currénuctuation takes place

in a nanoparticulated ZnO TFT due to the semiconductor network cracteristics.

Despite all the e orts for achieving high performance TFTs using n#oparticulated
semiconductors, it is still jeopardized by the nanoparticle intercarections quality, which
limits the carrier transport through the Im. These connections cald be improved by
a high-temperature treatment of at least 400C [LIJK* 07]; however, this is inappropriate
for the exible electronic technology. The use of smaller nanopartes (around a few
nanometers) leads to a more uniform layer with an even charge aarrdistribution at
the gate dielectric/semiconductor interface [OMNH08, OH10]. Notigeless, a rise in the
number of interparticle connections occurs, increasing the Im resgance, resulting in a
lower on-state current. Additionally, the nanoparticulated Im strongly interacts with the
ambient atmosphere due to the large surface area of hanocompds [XPSTO0O, FLO5].
Simultaneously, since the electron's ow is based on percolation patlin semiconductor
Ims integrated using nanoparticles [Meu99], traps located at critidapaths in uence
the device current, creating a discrete uctuation in the transisbr current when it is
characterized over time [dWBO06].

Figure 4.7 displays a section of the measured drain current as a ftino of time for xed
gate and drain voltages. In this stress test, it is possible to obser{l) a continuous increase
of the drain current, which is ascribed to the reorietantion of dipokein the gate dielectric
and to desorption of molecular oxygen at the ZnO nanoparticles, dr{ll) the presence of
uctuations in the drain current*®. This current uctuation is similar to the one observed
in modern MOSFETS, for which the emission and capture of chargercars by traps
are the main cause for such step-wise current behavior [dWB06, WC14]. Random
dopant uctuation creates percolation paths for the current ow, and traps located at
particular current paths give origin to discrete current uctuations [SIETO7, ABBDO03].
This noise causes problems, mainly failure of SRAMs and of ash mem@nd malfunction

16 The results regarding the study of the RTS in ZnO nanoparticle TFTs were partly published in [28]
and [29].
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Figure 4.7: ZnO nanoparticle-based TFT under stress test a €ted by a single active trap depict-
ing current uctuations. The two current level states can be modeled as a variation
in the turn-on voltage.

of micro-meso nanodevices [dLW11]. Because of their small dimensiaomemory cells are
commonly one of the rst devices to be a ected by this reliability issue In the context
of ZnO TFTs, the uctuation of the drain current over time would a ect the brightness
of each pixel in an emissive active-matrix organic light-emitting diodeAMOLED), for
instance [Conl10]. To avoid nonuniformities in the display, the drain cuent should be
roughly constant over time and, thus, trapping e ects should be mimized.

For MOSFETS, this drain current uctuation can be modeled as a momntary variation
of the applied gate voltage. For device modeling, the RTS may also bepeessed as a
variation of the transistor's threshold voltage and it can be addedsaa parameter for
circuit analysis [BWd09]. When the trap is electrically neutralj.e. empty, the transistor
is modeled as a low-threshold voltage state, in which the drain curtteis higher; likewise,
when the trap is electrically chargedj.e. occupied, the transistor is in a high-threshold
voltage state, in which the drain current is lower. For the ZnO nanagrticle TFTs, these
two current levels can be represented as low-turn-on voltage stand high-turn-on voltage
state, for instance, which is analogous to the modeling techniqueeasfor MOSFETS.

Concerning the traps themselves, they are commonly charactesizby their mean cap-
ture and emission times as well as by their in uence on the transistdsehavior. The
amplitude of the current uctuation is characteristic of each spdaca trap, it is not sta-
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tistically distributed as the capture and emission times [MS98]. Due tdhe non-uniform
current ow in the transistor (percolation paths), each trap will have a di erent e ect on
the drain current depending on the current density at each partfdhe channel region. A
trap located at a path with a higher current density will have a higheiin uence on the
transistor current than one located at a low current path [MS98]. Gnjointly, the trap
position along the transistor source-drain line as well as the distamdrom the channel
layer (distance from the semiconductor/gate dielectric interfagea ects its in uence in the
current uctuation amplitude [BWd09]. RTS is often detected in nanscale MOSFETS,
because a single trap will have a larger in uence on the transistorigent. The uctuation
steps in the drain current are predicted to increase as both theansistor's length and
width decrease [KGR 10]; nevertheless, for state of the art MOSFETS, they are commigy
in the scale of a few percent of the drain current [Reil4]. In the ZnOFT integrated in
this study, the observed amplitude of the current uctuation rarged from 5% to 10% of
the drain current despite the relative large transistor dimensionscliannel length on the
order of microns). The low temperatures employed on the nanopiaies produce a rela-
tively porous semiconducting Im that contributes to the formation of percolation paths.
As a result of this conduction mode, active traps located in the naparticle network or
at the gate dielectric/nanoparticle Im interface may induce similar curent uctuations.
Considering that the current in the ZnO nanoparticle transistor is irthe order of A, the
blockage of a path may cause a uctuation in the same order of magude.

Similar to MOSFETSs, the trap location in the TFT channel plays an impotant role
in the amplitude of the drain current uctuation. Therefore, one @n expect that the
trap location in the nanoparticle network will also interfere on the (ctuation amplitude
of the transistors integrated in this study. Figure 4.8 depicts a sematic nanoparticle
network. In an average device, a denser network with a higher nber of conducting
paths is expected. Considering that traps located in high currentemsity paths have
higher in uence in the transistor current [MS98], an active trap loceed at A will have
less in uence on the transistor current than the trap located aB, assuming that the path
where B is located presents a lower resistance. Conjointly, interconneat® of nanopar-
ticles are susceptible to be more sensitive to the capture and emissif traps. In the
study of Morrison [Mor81], the interconnections were reported dee main cause for the
conductance variation in pressed/sintered ZnO Ims when the sangs were exposed to
molecular oxygen. For this reason, the trap located @& will also produce higher current
uctuations than the trap located at C, because the trapB is located at a nanoparticle
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Figure 4.8: Electron ow under traps activity in a schematic nanoparticle network.

interconnection. Likewise, an active trap located aD will have almost no in uence on
the transistor current, since this trap is not located in an active awent path.

Multiple active traps are also observed in a measured ZnO TFT; Figure9 depicts the
in uence of at least three active traps during the stress test. Té discrete uctuation\a"
from Figure 4.9 could be related to the trap located af from Figure 4.8, for instance;
the uctuation\b"could be attributed to the trap located at B; and the uctuation\c"to
the trap located at C. This reinforces the assumption that the activity of di erent traps
are responsible for distinct current level uctuations. Additionally the discrete current is
a steady behavior, in which it is possible to clearly observe the capaand emission of
particular traps. The trap activity does not damage the nanopaitle network or break a
current path down, it just electrically reduces or even entirely blde the current ow at a
speci ¢ point in the nanoparticle network. Similar e ects were alreag reported to occur
in carbon nanotubes devices; in this case, discrete current ud@tions up to 60% of the
total device current were observed and ascribed to trap activif. BK * 05]. This result em-
phasizes that the discrete current uctuation has its origin from he capture and emission
of traps and not from a measurement-induced noise. The occuroe of a RTS depends on
the nanoparticle network and on the device con guration, as wellsaon the measurement
conditions (e.g. temperature, humidity, applied voltage and sampling time); therefe,
it is hard to predict the exact moment of its occurrence. For exanig, in the transistor
characterized in Figure 4.7, the rst discrete uctuation observe occurred at around 50's,
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Figure 4.9: ZnO nanoparticle TFT a ected by multiple active t raps depicting di erent current
uctuation amplitudes.

whereas in the stress test depicted in Figure 4.9, trap activity stegd after 400 s. Factors
like the instabilities in and at the gate dielectric and the interaction of he semiconduct-
ing material with the ambient atmosphere, as adsorption/desorpin of molecular oxygen
and humidity, strongly a ect the transistor's electrical characteistics. Moreover, these
e ects can mask the traps activity during a transient period. Nontheless, the observation
of capture and emission of carriers are stochastic processes)ceeidentically integrated
transistors will have a di erent trap activity behavior. Conjointly, traps located near the
drain and source metal electrodes will also in uence the metal/senaoductor interface
in addition to the electrostatic e ect on the semiconducting layer. Bce these contacts
are partially responsible for the TFT function [HYC" 08, BLO7, SNO7], they are also a
critical site concerning trap activity; therefore, the contact reistance may vary in time.
Nevertheless, in TFTs, the contact quality is mainly a ected by the tansistor setup
(staggered or coplanar), as already discussed in this study andosm in the literature
[BLO7, PCNF04, FBJ' 09].

4.2.2 ZnO Nanoparticle TFT on Rigid Substrates

In order to optimize the integration process and to perform a mor&ccurate analysis of the
ZnO nanoparticle TFTs, devices were initially integrated on rigid subsates, either oxi-
dized silicon or glass wafers. In this way, the additional variability assiated to exible
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substrates was avoided. Nevertheless, integration techniquesmpatible to such sub-
strates were employed, ensuring that the process is transfelalbo polymeric templates as
described in Section 3.6. Based on the improved contact quality besen the drain/source
electrodes and the semiconducting Im observed in inverted stagge setups, and aligned
with prior research done in the Sensor Technology Department Paderborn University
Germany [6], [Wol11], these setups, using PVP as gate dielectric, wergly integrated
and characterized.

Hysteretic behavior was already observed in organic and inorgani&Ts when employ-
ing PVP as gate dielectric [LKK" 07, FBJ" 09, VOLLO4] (see Section 3.3.1). Linet al.
reported that the use of PVP as gate dielectric may in uence the tn-on (threshold)
voltage, shifting it according to the sweeping direction of the gateoltage in organic
transistors [LKK* 07]. Faber et al. proposed that the emission and capture of positive
charges by traps located in the ZnO nanoparticles/PVP interfaceatise the hysteretic
behavior [FBJ" 09]. However, that model [FBJ 09] does not explain the reason for the
drain current increase when the gate voltage sweeps backwareither the inversion of
the hysteresis direction when the transistor is heated up. Such tivior was observed in
the transistors fabricated in this study, as discussed later in thisubsection.

Considering the PVP-based gate dielectric, the presence of hyryb (OH!) groups
changes the surface character from nonpolar to polar [JDWMO5KK *07]. Also, poly-
meric dielectrics, which contain a signi cant amount of hydroxyl graps inside or at the
surface, are responsible for hysteresis in organic transistorsnadl as for a higher gate cur-
rent leakage [LKK'07, LKS" 06, KJJ*08]. The explanation proposed for the hysteretic
behavior of TFTs employing PVP as gate dielectric is based on [VOLLO4LK " 06,
HOH™* 08], in which a hysteresis mechanism for pentacene-based TFTs isccdssed. The
slow polarization of dipoles, such as hydroxyl groups in the PVP bulkeoriented by an
applied electric eld, was considered as the main reason for the obssl behavior.

Figure 4.10 shows the trapping mechanism in the polymeric gate dielect Moreover,
it is possible to observe the dipoles in the PVP bulk and the electron tpa associated
with the OH{ groups at the semiconductor/dielectric interface. Most of the dects in this
polymeric dielectric are related to a non-complete polymerization due a partial cross-
linking reaction. Therefore, the direction of the hysteresis, coiering the PVP in uence,
will be determined by the dominant mechanism in the device depending mmeasurement
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Figure 4.10: Trap mechanism in a ZnO nanoparticle TFT with PVP as gate dielectric. Adapted
from [VOLLO4, HLK * 06, HOH" 08].

and processing conditions, such as annealing temperature and @ahion, concentration of
cross-linker agent, and dielectric thickness [VOLLO04, LKD6, HLK* 06, HOH" 08].

Traps at the nanoparticles may also play a vital role in the hysteresidn early studies,
Hirschwald reported the upward band bending by ionosorbed neg@atly charged oxygen
molecules at the surface and at grain boundaries of the ZnO Ims [HB& Adsorbed
oxygen molecules located at the surface capture free electrormf the ZnO, reducing its
conductivity [Hir85, JWS* 08, VMJ06, WSGG10]. The desorption of the oxygen molecules
upon UV illumination is associated with a generation of electron-hole pa. The generated
holes migrate to the surface and release the adsorbed oxygen males, increasing the
concentration of free electrons in the ZnO Im. As explained by [VMJ0a, VMJO7b],
in addition to the UV interaction, it is also possible to induce the desotpn of oxygen
through the application of bias (voltage) or by the injection of posive charges through the
metal/ZnO Im contact [VMJO7a]. The oxygen trapping mechanism in ranoparticulated
ZnO is depicted in Figure 4.11, representing the increase of free @carriers (electrons).
The interaction of the nanoparticle with the atmosphere is highlighte by the large surface
area of nanomaterial compounds [XPSTO00] and its e ects may in uee the entire bulk
of the ZnO Im [JWS " 08].

The device with PVP as gate dielectrit’ presents a highly pronounced anticlockwise
hysteresis in the transistor transfer curve at room temperatar when the gate voltage is
scanned from 10V to 20V and vice versa, as shown in Figure 4.12a. The hysteresis
can be reproduced in the same transistor, as well as in other trasters integrated using

17 The results regarding the study of the ZnO-based TFTs employing R/P as gate dielectric were partly
published in [9] and [38].
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Figure 4.11: Oxygen trap mechanism in nanoparticulated ZnO Adapted from [VMJO7a].

this process, under similar environmental conditions. In Figure 4.b2it is possible to
observe 15 transfer curves of di erent transistors (plotted intte same graph) showing
that the hysteretic characteristic is highly reproducible among déses. The transistors'
performance is strongly dominated by the hysteretic behavior. E1Voy is shifted from
0:6V to 3.6V during the forward and backward sweep of the gate voltage, wteas
the Vr extracted by the linear extrapolation of the drain current is shiftd from 9:2V to

2:7V. The ge isaround 6 10 3cm?V 1s 1, the | on=lorr ratio is of the order of 5 1P
and S about 0.5 V=dec.

The polarization of the PVP is the key factor in the hysteresis depiet in Figure 4.12.
The dipoles slowly become oriented by the applied gate voltage, enbary its e ect
(the e ective potential will be the result of the applied voltage and he amount of po-
larization); therefore, increasing the drain current even when thgate voltage starts to
sweep backward. In order to turn o the transistor, a lower gatevoltage is required.
The orientation of dipoles in the polymeric material was predicted to  a slow process
[HLK* 06, HOH" 08], which is in agreement with the observed current increase, desp
the invariant bias voltage, as shown in Figure 4.13. A time constant @bout 120 s was
extracted considering a rst-order exponential function. This esult is consistent with the
hysteresis direction presented in Figure 4.12. Moreover, the slowlarization reinforces
the drain current rise when the gate voltage is swept back. An inareent in the drain
current at xed electric bias was also reported by [FBJ09]. Additionally, in [FBJ* 09],
the stress test was performed with di erent gate voltages, tooBy applying higher gate
voltages, the drain current increases at a higher rate [FBD9], which indicates that the

113



4 Zinc Oxide Transistors Paderborn University

105 E T T
10°4
1071
10°4
o 10 3 _o
10%] V, =5V
] L =15 um, W = 1000 um
10™3 = |, (Forward) 3
1012: ' . . Iy (Bacl:kward)' '
-10 0 10 2C -10 0 10 20
Vg (V) Ve (V)
(a) (b)

Figure 4.12: Transfer characteristics (a) of an inverted shggered ZnO nanopatrticle TFT using
PVP as gate dielectric at room temperature. The graph (b) shavs the transfer
characteristics of 15 di erent devices in order to depict the reproducibility of the
hysteresis. The inset depicts the cross-section of the TFT.

polarization of PVP occurs faster due to the higher perpendiculatextric eld interacting
with the PVP dipoles.

As discussed in the previous subsection, the electron transporenhanism in nanopar-
ticulated ZnO Ims is based on percolation paths [Meu99]. Hence, thasdrete current
observed in Figure 4.13 is attributed to the capture and release odrciers by traps lo-
cated in a speci ¢ current path in the nanoparticulated Im. This process electrostatically
a ects the transistor and, consequently, its current [KGR 10, MS98, dWB06, SCS09].
Assuming an electron trap located in one speci c current path in th&nO nanoparticle
network, the transistor current decreases when the trap is aguied. When, however, the
trap vacates, the current increases, resulting in discrete ucations of the drain current
[MS98, SCS09].

In the output characteristics of the TFT shown in Figure 4.14, it is nb possible to
see a clear saturation regime of the drain current. The low curremévels observed as
well as the non-saturation behavior are ascribed to the slow polaaiion e ect of the gate
dielectric. Therefore, during the increment of the gate voltage f@ach of the output curves
extraction and during the scanning of the drain voltage itself, ther is insu cient time
for the orientation of the dipoles, which limits the transistor currehand the occurrence
of the saturation regime. Additionally, impurities, i.e. photoresist residuals, that can
be situated between the drain/source electrodes and the nanapeulated layer act as a
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Figure 4.13: Stress test at room temperature in a ZnO nanopdicle TFT using PVP as gate
dielectric.

charge carrier barrier. Although cleaning of the layer surface in ganic solvents enhances
the contact properties [JP06], this process cannot be employededause it has to be
performed in presence of the photoresist (after the developnigrwhich would harm the
resist in turn.

When a transistor is characterized using multiple cycles measurenefwith a 3-s delay
between each cycle), it is possible to observe an increase of thamrarrent at the end of
each successive forward sweep, as shown in Figure 4.15. This rasult agreement with
the stress test, in which the drain current increases due to the laoization of the polymeric
dielectric. Moreover, in the rst electrical characterization, the\forward"” curve is shifted
to the left compared to the other two measurements, which can atributed to an initial
random orientation of the PVP dipoles. Finally, as also depicted in Figer 4.15, the
\backward" curve is left shifted at subsequent characterizationindicating that a greater
number of PVP dipoles are being oriented by the applied electric eld,ral also a presence
of residual polarization e ect in the gate dielectric.

In Figure 4.16, a slower sweep rat (0:003 Vs 1) was used for the electrical charac-
terization of the transistor. In comparison to thel 'V curve shown in Figure 4.12, the
on-state current level is higher with the slower sweep rate, which is agreement with
the slow polarization of the PVP and the stress test depicted in Figer4.13. Moreover,
when the gate voltage sweeps backwards, there is enough time &reorganization of

8parameter delay time of the HP-4156A  Precision Semiconductor Parameter Analyzer was set to 60 s.
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Figure 4.14: Output characteristics of an inverted staggeed ZnO nanoparticle TFT using PVP
as gate dielectric.
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Figure 4.15: ZnO nanoparticle TFT transfer characteristics for multiples cycles with a 3-s pause
between each measurement at room temperature.
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Figure 4.16: ZnO nanoparticle TFT transfer characteristic at room temperature with a sweep
rate of 0:003Vs 1.

the PVP dipoles, hence the hysteretic behavior is mitigated. Additically, the electrical

characterization of the transistor in Figure 4.16 presents similar ep-like behavior as the
one observed during the stress test, showing the trap activity ect during the extraction

of the transfer and output characteristics.

Furthermore, in order to investigate the temperature dependee of the transistor hys-
teretic behavior, the TFT was heated to a speci ¢ temperature ahthen electrically char-
acterized. This procedure drastically changed the electrical cleateristic of the device,
as shown in Figure 4.17. The direction of the hysteresis in tHg Vg curve modi es
from anticlockwise to clockwise. This behavior may be attributed to &hange in the
mechanism dominating the hysteretic characteristic. While at lowereimperatures the
PVP bulk polarization is the main reason for the hysteresis, when thtemperature is in-
creased, the dipoles in the polymer become randomly oriented andjoartially annealed
[OMO3] resulting in a reduction of their e ects upon transistor chaacteristics. On the
other hand, at higher temperatures the trap activity may increas. At this point, the
dominant phenomenon is the trapping of carriers in the nanopartideand at the gate
dielectric interface mainly caused by the OH groups. Traps located at the surface reduce
the applied gate voltage and act as scattering centers for the diem transport, degrading
the drain current specially when the gate voltage is swept backwaf@dGK* 93, OM03].
Moreover, the change in the hysteretic behavior is in accordancethvthe stress test at
higher temperatures, as shown in Figure 4.18. The drain current giadation observed in
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Figure 4.17: Transfer characteristics at 70C of a ZnO nanoparticle TFT using PVP as gate
dielectric.

this case occurred at a higher rate (time constant of approximdiel7 s) than the one at
room temperature.

Considering the stress test at higher temperature shown in Figu#18, no discrete
current uctuation could be noticed. This may be related to the prdability of a trap
to be active at a determined scenario, to the in uence of temperate on the capture
and emission time constants of each trap or even to the capability tie measurement
equipment to resolve faster traps.

Figure 4.19 shows the variation of the turn-on and threshold voltasg as a function of
temperature. It is possible to observe that the hysteresis chaegits direction at around
45 C 55 C and that the \forward"turn-on (threshold) voltage is more sersitive to tem-
perature variations mainly due to the temperature dependence tife charge state of the
interface traps. When the transistor is cooled down to room tempature, the hysteresis
returns to its initial direction (anticlockwise).The |on=lore ratio clearly decreases with
increasing temperature, as shown in Figure 4.20. This may also be iraditly observed by
comparing Figure 4.12 and Figure 4.17. The o -state current in Schitty diodes at the
drain and source contacts is strongly correlated with the tempetiare, hence the leakage
current through the barrier increases [RW88]. The on-state cwent level decreases be-
cause it is a ected by electron trapping at the semiconductor/dieldric interface and by
the weaker dipole orientation at higher temperatures.
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Figure 4.18: Stress test at 60C in a ZnO nanoparticle TFT using PVP as gate dielectric.
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Figure 4.19: Turn-on (a) and threshold (b) voltage at di erent temperatures of ZnO nanopatrticle

TFTs.
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Figure 4.20:1on=lorF ratio at di erent temperatures of a ZnO nanoparticle TFT.

As described in [9] and [Wol11], the employment of PECVD-SiOas dielectric layer
in ZnO nanoparticle TFTs also gives rise to an anticlockwise hysteretiwehavior in the
transfer characteristics of the transistor. This e ect reinfores the fact that the slow
polarization of the PVP bulk is not the only mechanism responsible fohe shift in the
threshold voltage. The desorption of oxygen molecules increasé® tconcentration of
mobile charge carriers in the nanopatrticles, hence increasing thansistor current; this
process may explain the hysteresis direction observed in the trater with silicon dioxide
as gate dielectric. Conjointly, oxygen vacancies in the nanopartisleean act as mobile
charged dopants. By applying an electric eld, these dopants driftausing a hysteretic
behavior, as observed in Ti@-based memristor devices [SSSW08]. This e ect was also
discussed by [WSGG10] in a memristive device based on ZnO nanotalgs Oxygen ions
located near the Al/ZnO interface drift into the semiconductor bulkmaterial or into the
interface depending on the applied bias, increasing or reducing thember of oxygen
vacancies and a ecting the barrier for electron injection [WSGG10

Another study [NCS" 03] shows that a low-temperature PECVD-Si@layer presents a
higher defect density than thermally grown oxides. Such defectsthe ZnO- Im interface
are mentioned as the reason for the presence of the hysteres§lenversely, the anticlock-
wise hysteresis present in the transistor integrated in [Woll1] suggts that the oxygen
trap mechanism dominates the traps at the Si&dZnO interface which induces a clockwise
hysteretic behavior [NCS 03]. During the stress test in the Si@based device at room
temperature depicted in [9], the drain current increases at rst sggesting desorption of
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Figure 4.21: Scanning electron microscope images of ZnO naparticles layers (a) without and
(b) with hydrothermal deposition of zinc acetate.

molecular oxygen trapped in the nanoparticulated ZnO surface, agell as supporting the
hysteresis direction in the transfer characteristic. Subsequédythowever, the drain current
decreases, which is attributed to the electron trapping in the gatdielectric [CS08]. This
result indicates that desorption of oxygen saturates over timend that the trapping of
carriers at the SiGQ interface becomes dominant, reducing the drain current. In addin,
this may explain the distinct results found by [NCS 03, MAH" 08, BMHS10, TBS 11].

A further analysis on the characterization of the hysteretic behlér on nanoparticu-
lated ZnO TFTs using PVP and PECVD-SIO, as gate dielectric can be found in [38].
Additionally, the in uence of the drain voltage in the hysteresis as wkas a statistical
evaluation of the TFT electric characteristics are also available in thaforementioned
work.

Aiming at an improvement of the interconnectivity between neighbang nanoparticles
and a reduction of the defect density, a hydrothermal decompitien of a zinc salt on top
of the nanoparticles can be performed [LJKO7, LJJ" 08, CKJ*12]. Therefore, for the
TFTs employing PVP as gate dielectric, the acetate-based precorswas spin-coated and
cured after the deposition of the ZnO Im'®. Afterward, the drain and source electrodes
were structured, as discussed in Section 3.6.1. Figure 4.21 presestanning electron
microscope (SEM) images of the nanoparticulated ZnO layer (a) witlut and (b) with
the deposition of the precursor. No signi cant di erences regaidg the hydrothermal
decomposition of the zinc salt could be seen and a regular surfaceswséserved for both
cases. Conjointly, it is possible to note the complexity and density ttie ZnO nanoparticle
network (percolation paths) that acts as active semiconducting yar.

19The results related to the acetate-based precursor on top of th ZnO nanoparticles were partially
published in [34].
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Figure 4.22: Transfer characteristics of ZnO nanoparticleTFT (a) without and (b) with the
addition of the acetate-based ZnO precursor.

The I  V curve of the ZnO nanoparticle TFTs with addition of the zinc precursr
(Figure 4.22b) is presented next to the reference (without the atate-based precursor)
transistor (Figure 4.22a) in order to allow an easy comparison. Itisgssible to observe that
a hydrothermal decomposition of a zinc salt leads to a device with liet performance and
to an almost complete vanishing of the hysteretic behavior in the tresfer characteristics.
Moreover, the turn-on (threshold) voltage is shifted towards loar values and a reduction
in the hysteresis from Vony =4V to Voy =0:1V( V¢ =119Vto Vr =0:9V)
occurs. The results of the addition of the acetate-based presor to the transistors
indicate that the zinc salt is related to the improvement of the nanagrticles/PVP interface
as well as of the interconnections between neighboring particlesducing the trap density.
Compared to the TFT without the ZnO precursor, an overall increse of the current
level was observed, and also the expected increase of the eleke&t mobility by two
orders of magnitude. Mobility values of & cn?V 's ! were extracted from the transfer
characteristics, whereas thd on=lorr ratio and the subthreshold swing are una ected
with values of 1¢ and 05 V=dec, respectively.

The performance enhancement and the signi cant reduction of éhhysteresis were at-
tributed to positive ions from the acetate-based precursor, whiavork as an electric shield
over the traps. This mechanism was assumed to be the origin of theserved behavior
since it was the \forward" turn-on (threshold) voltage that was sibstantially left shifted
and also due to the drastic increase of the transistor o -state crent. As described in
Section 3.3.1, the low temperature employed (200) is insu cient for a complete synthe-
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Figure 4.23: Transfer characteristic of ZnO nanoparticle TFT after aging and loss of the shielding
e ect.

sis reaction, leaving, therefore, free ions of the zinc salt in the seonducting layer. Two

weeks later, the transistors were characterized once again (Figut.23) and it was veri ed

that the electric shielding achieved by the addition of the zinc precaor was no longer
a ecting the device. A hysteretic behavior similar to the one obseed in non-treated

transistors was noted. Additionally, the drain current level was loer and the transistor

operation voltages Yon and Vr) as well as its characteristics were also similar.

Further investigations were performed applying the acetate-bad precursor on the ZnO
nanoparticle Im; these tests were carried out employing oxidized Svafers (Si wafer as
gate electrode and Si@Q as gate dielectric). Despite the variation on the deposition se-
guence and the evaluation of mixing both solutions (acetate-basptecursor and nanopar-
ticle dispersion) at di erent concentrations, a reproducible and esctive procedure could
not be achieved at low temperatures. Functional TFTs were obsexd when applying
temperatures as high as 40C, however, it restrains their application on polymeric sub-
strates. Therefore, this approach was discontinued at least amrning the acetate-based
precursor.

One of the main issues concerning the TFT instability, as already meoned, is the
hysteretic behavior, which has its origin in the slow polarization of diges found in the
gate dielectric (PVP), in the high defect density in the semiconducti layer and in the
interaction of the semiconductor material with the ambient air. In oder to remove the
instability originated by the incomplete cross-linking reaction of the plymeric (PVP)
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Figure 4.24: Transfer (a) and output (b) characteristics of an inverted staggered ZnO nanopar-
ticle TFT with the high- k resin as gate dielectric and a Si-wafer as gate electrode.
The inset depicts the cross-section of the TFT.

gate dielectric, the highk resin described in Section 3.3.2 was investigated as a substitute.
Along with the curing and cross-linking by a combination of low thermatreatment and
UV irradiation, which enables its use on polymeric substrates, this gadielectric has a
high relative permittivity that increases the capacitive coupling betwen the gate electrode
and the TFT active channel region.

First experiments were performed on a silicon wafer using an aluminuback layer to
improve the contact quality to the gate electrode (Si) and to optimie the process prior
to the integration of the template with structured gate. Figure 4.2 shows the input and
output characteristics of a ZnO nanoparticle TFT employing the higkk resin as gate
dielectric. The switching point of the transistor is adequate (arowh 0V) and a small
hysteretic behavior is observed. In such transistors, a relativegh leakage current in the
o -state of the transfer characteristics and in the output cures at low drain voltages was
observed. This is related to the large overlapping area between tkeain, source and
connections electrodes, and the gate contact (entire Si wafer)

For the high-k resin, no signi cant variations on the operating voltages (Vo) were
observed when the transistors were heated up, in contrast to éhpreviously described
TFTs with PVP as gate dielectric. The TFT transfer curves at room emperature (pre
and post heating) and at 100C are shown in Figure 4.25 for comparison. Temperatures
of about 200C cause irreversible damage to the device, whereas temperatuaegsund
150 C lead to a reversible increase of the transistor leakage currentSince the exible
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Figure 4.25: Temperature in uence on the transfer characteistics of the ZnO nanoparticle TFT
with the high-k resin as gate dielectric and a Si wafer as gate electrode (aj eoom
temperature and (b) at 100 C. Forward sweep: solid / backward: open.

substrate later employed on the TFT fabrication does not endureigh temperatures, the
gate dielectric failure at around 200C is not a concern.

Based on the results achieved employing the highfesin as gate dielectric, the TFTs
were integrated applying structured-gate electrodésfollowing the procedure described in
Section 3.6.1. Figure 4.26 shows an optical microscope image of transistors during the
characterization. In Figure 4.27 the transfer and output charderistics of the transistor
directly after its fabrication are depicted. The transfer charadristic presents a minimal
hysteresis ( Voy and V¢ around Q2 V) when the gate voltage is scanned from7:5V to
10V and vice versa, even without a passivation layer and employing Rusum fabrication
temperatures of 150C. The Vpy is approximately 1.8V, whereas theV; extracted from
linear extrapolation of thelrlf2 graph is approximately 22V. The eld-e ect mobility
is in the order of 01cn?V s !, the subthreshold swing is around :2 V=dec, and the
lon=lore ratio is about 1¢*. While the on-state current is believed to be limited by the
interparticle transition resistances, the o -state current is costrained by the background
carrier concentration [FBM12, Conl10] and by the leakage currethrough the gate di-
electric (around 108A). Additionally, the Schottky contacts at the source and drain
electrodes, which present higher leakage current than convemt& p-n junctions, also in-
uence the transistor o -state [WH10, SNO7]. Conjointly, in Figure 4.27, it is possible

20 The results regarding the study of the ZnO-based TFTs employing he highk resin as gate dielectric
were partly published in [8].
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Figure 4.26: Optical microscope image of a set of transisterduring the electrical characteriza-
tion. S, D and G are source, drain and gate contacts, respectely.
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Figure 4.27: Transfer (a) and output (b) characteristics of a pristine inverted staggered ZnO
nanoparticle TFT employing the high-k nanocomposite as gate dielectric. The
inset depicts the cross-section of the TFT.

to observe the saturation of the drain current as well as the cuent modulation by the
applied gate voltage in the saturation region.

In comparison to crystalline and polycrystalline materials, nanopaitulated Ims have
a porous structure [FBM12, MAH 08, Meu99, LJJ 08]. The porosity of the Im may
pose challenges regarding scaling [VMN04], especially when the nanoparticle size is in
the same order of magnitude as the transistor length. The drain ment as a function of
the transistor width and length is plotted in Figure 4.28. It is possible d note that the
transistor scaling behavior is similar to that of standard MOSFETs. Te good scaling
properties achieved in these transistors are ascribed to the naaoticle dispersion, which
is free of encapsulated nanostructures and of organic dispersagents. These charac-
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Figure 4.28: Inverted staggered ZnO nanopatrticle TFT scalng behavior depicting the linear
relation of the drain current as a function of the transistor (a) width and (b) length.

teristics enhance the nanoparticles contact quality, overcomindgné¢ Im porosity, even in
Ims treated at low temperatures.

Three days later, the transistors were characterized again to auate degradation ef-
fects. The transistor characterization, transfer and output@rves are shown in Figure 4.29.
This time, an anti-clockwise hysteresis (Von =5V, V; =3:2V) in the transfer curves
was observed. The\forward"and\backward"turn-on (threstold) voltages are 4V (2:6V)
and 1V ( 0:6V), respectively. Additionally, both the drain current level and the eld
e ect mobility decreased about one order of magnitude. Such deglation was expected
since no passivation layer was deposited. Previous studies [SKFNBBSTO00] have in-
vestigated the use of ZnO as gas sensor; therefore, one miglgest that the nanopatrticle
layer would interact with the atmosphere, increasing or decreasinlge carrier concentra-
tion in the semiconducting Im [VMJO07a, Hir85, Mor81].

The onset of the current degradation and of the hysteresis wa#trébuted to the ad-
sorption of molecular oxygen at the nanopatrticle surface, in whiclhé oxygen reduced the
carrier concentration in the semiconducting layer by trapping freelectrons and depleting
the nanopatrticle surface, as described in the literature [Hir85, VM¥a]. The direction of
the hysteresis and the increase of the drain current, even whemetgate voltage starts to
sweep backwards, are considered to be related to a partial dggmn of the oxygen from
the semiconductor during the TFT characterization. In the literatire, it is possible to nd
explanations for such desorption from the ZnO nanoparticle suda. UV irradiation, for
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Figure 4.29: Transfer (a) and output (b) characteristics ofa ZnO nanoparticle TFT after 3 days
depicting degradation over time.

example, is reported to increase the carrier concentration in themmiconductor as its wave-
length closely matches the ZnO band gap, generating electron-hpkars [JWS' 08, PJ12].
These holes recombine with the chemisorbed oxygen releasing it. Aaohally, an applied
electric eld may a ect the Al/ZnO contact characteristics through ion drift and subse-
quent adsorption or desorption of molecular ®at the semiconducting layer [WSGG10].
Verbakel et al. [VMJ07a] ascribed this desorption to positive charge carriers, egh by
injection via a metal contact or generated by UV-light irradiation. @njointly, humidity
at the nanoparticle surface may assist the release of oxygen. Mson [Mor81] reported
that physically adsorbed water leads to an unfavorable state for Omolecules trapped
at the ZnO particles, which will desorb, increasing the carrier concgation in the semi-
conducting layer. In ZnO TFTs fabricated using vacuum techniqueghe semiconductor
Im exhibits fewer grain boundaries as well as a smaller surface arednam compared
to nanoparticles. Additionally, it is generally thinner (around 50 nm),meaning that the
semiconductor surface exposed to the ambient is closer to the dotte interface. For this
reason, the ambient atmosphere predominantly a ects the gatealectric/semiconductor
interface, shifting the turn-on (threshold) voltage. Additionally, electron trapping at this
interface is reported to have a greater impact in the transistor emwacteristics degrading
the drain current, hence the hysteresis will show a clockwise direm [NCS" 03, Conl10].
Comparing the output characteristics extracted before and &t degradation, Figure 4.27b
and Figure 4.29b, respectively, besides the reduction of the draiargent level, it is pos-
sible to observe that the adsorption of oxygen by the nanoparticlayer has caused an
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Figure 4.30: Stress test under constant bias in a ZnO nanopéicle TFT employing the high- k
nanocomposite as gate dielectric.

increase on the contact resistance at the drain and source catta This can be explained
by the formation of a depletion region induced by the oxygen trappleat the nanoparticle
surface in the contact areas.

In order to investigate the oxygen desorption over time, a stressst was performed, as
shown in Figure 4.30. An increase in the drain current was detectedghich is in agreement
with the hysteresis direction and with the increment of charge caers in the Im, as more
oxygen is released from the nanoparticle surface. Besides thesasiant drain current over
time, there is a discrete current uctuation similar to the ones obsged when applying
PVP as gate dielectric. As discussed previously, a trap located in argiaular path in the
semiconductor Im may reduce the current level or even block it emely. The switching
of such traps may lead to step-wise increments and reductions diet current level of a
transistor at xed drain and gate voltages.

The transistors were characterized once again after 1 month. Amcreased degradation
over time could be detected. Nonetheless, such result was exgeéctsince the sample
was stored in a dark environment under ambient air, where the oxgg molecules could
interact with the semiconducting layer for a longer period of time. Exosure to UV
irradiation can be used to release the oxygen bonded at the nanojaes surface. After
exposing the sample to UV irradiation ( = 365 nm and 200 Wcm ?) for 60s, it is possible
to observe an increase in the drain current, which is in agreement Wwidesorption of
the oxygen and the increase of the carrier concentration in the mgonducting layer
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Figure 4.31: Transfer characteristics of a ZnO nanopartict TFT after 1 month (a) pre-UV irra-
diation and (b) post-UV irradiation.
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Figure 4.32: Field-e ect mobility as function of time and aft er a UV irradiation treatment.

(Figure 4.31). Additionally, the eld-e ect mobility increased by almog two orders of
magnitude, achieving values of around:01 cn?V !s 1. Figure 4.32 depicts the variation
of the eld-e ect mobility over time, as well as the mobility after the UV irradiation.
Despite the UV treatment, the same current level and the abseamf hysteresis in the
transfer characteristics, which were obtained directly after théabrication process, were
not achieved again.

The substantial variation of the eld-e ect mobility and of the current level of the TFT
pre- and post-UV irradiation further supports the hypothesis tlat the main mechanism
responsible for the transistor degradation is the interaction be®en the semiconductor
and the ambient air. This fact is emphasized by the large surface aref nanocompounds
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and by the current ow mechanism given by percolation paths. On th other hand, the
turn-on (threshold) voltage was not signi cantly shifted (forward" Von from 1.8V to

1.5V and V; from 1:3V to 3:8V, and \backward" Von from 19V to 22V and
Vr from 0:9V to 1:0V), which indicates that traps in the highk dielectric and at the
interface between this nanocomposite and the semiconducting lay&e not the main
mechanism responsible for the observed aging e ect. Variations time threshold voltage
are usually related to charge trapping in the dielectric or at the senmoaductor/dielectric
interface and at the channel [OLS08, CKY11, PCY12]. The turn-on (threshold) voltage
values from previous studies performed in the department [6], [33], fU9], in which
thermally grown SiO, was used as gate dielectric, are in the same range as the ones
extracted using the highk resin. This fact also supports the assumption that traps in
the semiconductor/dielectric interface are not the main cause fdhe instability in the
fabricated TFT.

Since the main issues regarding the TFT reliability were attributed to lhe nanopar-
ticulated layer, e orts were directed towards understanding thecauses of the instability.
For the previous transistors, the drain and source electrodes ngeintegrated by lift-o
technique on top of the active semiconducting layer (inverted stggred setup); therefore,
the ZnO nanoparticles were chemically and physically stressed duririge processing,
inducing instabilities in the TFT operation. Another cause of reliability ®ncerns is re-
lated to the density of defects present in the nanoparticulated nwerial itself. In order
to avoid the chemical and physical stresses endured by the ZnOnagarticles as well as
to evaluate di erent semiconducting compounds, the transistoretup was exchanged to
inverted coplanar. This setup possesses the advantage of a&sts-free" semiconductor, as
its deposition is the last step in the integration of the TFT. Furthernore, to increase the
compatibility of the transistor template to polymeric substrates ad to avoid the stress
endured by the gate dielectric, the employment of the oxygen plasimtreatment (Sec-
tion 3.6.1) prior to the deposition of the highk resin and of the nanopatrticle dispersion
was discontinued. Additionally, the maximum temperature used in théntegration pro-
cess was reduced to about 116 120 C?L. First experiments were performed without
the structuration of the gate electrode (a continuous metal layewvas used) aiming at a
reduction of the integration process duration and complexity. Ne&rtheless, gate contacts

21 The maximum process temperature depends on the photoresist Cliant AZ 5214E that can be em-
ployed using its positive (115 C) or negative (120 C) tone character as described in [Mic00].
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Figure 4.33: Transfer (a) and output (b) characteristics of an inverted coplanar TFT with spin-
coated ZnO nanoparticles provided by Nanophase Cooperatiolnc. The inset de-
picts the cross-section of the TFT.

and their connections were structured once the active semicorador depicted promising
characteristics.

Taking advantage of the late semiconductor deposition, diverse maparticle dispersions
(listed in Section 3.2.3) were evaluated and classi ed based on aspestich as defect den-
sity, stability over time (agglomeration and sedimentation), homogeeity and deposition
guality. One of the main issues was the hydrophobic character ofelgate dielectric layer
after the drain and source patterning by lift-o technique. Since his e ect imposes a
limitation to the use of spin-coating method, no continuous semicondting layer was
found in the active channel region when applying the water-basedsgersion provided by
Degussa GmbH. Employing the nanoparticle dispersion provided by Nephase Cooper-
ation Inc. operating TFTs were characterized, depicting promisingspects despite the
ine cient deposition quality. Figure 4.33 presents the transfer andutput characteristics
of one of these transistors.

In spite of the inverted coplanar setup used, the transistor deged low operating volt-
ages Von near to zero), an adequate current level and modulation, and a dligsaturation
of the drain current in the output characteristics. Neverthelessthe yield of operating
transistors as well as their performance e on the order of 104 cm?V s 1) should be
improved. Aiming at a better deposition quality of the nanoparticle dipersion, a spray-
coating technique was used. Proting from capillary e ect, the soltion was primary
deposited in the active region of the transistor, increasing the nuyer of operating tran-
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Figure 4.34: Transfer (a) and output (b) characteristics of an inverted coplanar TFT with spray-
coated ZnO nanoparticles provided by Nanophase CooperatioInc.

sistors and their electrical performance. The input and output @racteristics are shown
in Figure 4.34. The transistorVoy is close to 0V, the g is around 4 10 2cm?V 1s !
(almost two orders of magnitude higher in comparison to the spin-ated device), and
the | on=lorr ratio and subthreshold swing are in the range of $@Gnd 1.5 V=dec, respec-
tively. The improvement of the electrical performance, especialhhé drain current level,
was mainly attributed to the better contact quality between the méal electrodes and the
nanoparticles due to the hydrophilic character of the aluminum-basl electrodes and to
the method employed for the deposition of the semiconducting digg®n.

The TFT with sprayed ZnO depicted encouraging electrical charaetistics and almost
no hysteretic behavior in the transferl V curve. For comparison reasons, the ZnO
nanoparticle dispersion provided from Degussa GmbH was also ddfemsusing the spray-
coating method. The transfer and output characteristics are ghcted in Figure 4.35. It
is possible to note a non-saturation of the drain current in the outt curves as well as a
hysteretic behavior in the transistor operation similar to the one aterved when applying
the inverted staggered setup. This e ect reinforces, once agaithat the application of
the high-k nanocomposite as gate dielectric material is not the primary factdor the
TFT instability, but rather the defects in the ZnO nanoparticles. Duing the selection
of the nanoparticle dispersion (Section 3.2.3), the PL spectra weamalyzed in order to
evaluate the intrinsic density of defects present in the ZnO nanasictures. By a direct
comparison of both dispersions (Figure 4.36), it is possible to see acldi erence between
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Figure 4.35: Transfer (a) and output (b) characteristics of an inverted coplanar TFT with spray-
coated ZnO nanoparticles provided by Degussa GmbH.

their NBE/DLE ratios, which strongly indicates that the prior transistor reliability issues
are related to the active semiconducting layer.

In order to improve the deposition quality of the aqueous solution otaining the
nanoparticleg?, as well as the yield of operating transistors, the spray-coatingrgcess
was performed on both heated and oxygen plasma treated tempat Such procedures
aimed at the increase of the template's wetting propertiés By heating up the template
to 60 C 80 C before the application of the nanoparticle dispersion, there ararailtane-
ous deposition and evaporation of the solution during the spray-abng process. Although
this procedure has increased transistor yield, formation of largeagn boundaries and ag-
glomeration of nanopatrticles occurred, as already shown in Sectidi. Analogous to the
use of large nanoparticles, as described by [OMNH08, OH10], thémme grains lead to
accumulation and trapping of charge carriers, inducing to a hystetic behavior in the
transistor transfer characteristics (Figure 4.37a). Besides thaight increase of the TFT
instability, the Von was not drastically in uenced; it is still around 0 V. On the other hand
the g is reduced from 410 ?cm?V *s 'to 7 10 3cn?V !s !in comparison to the re-
sults of the spray-coating process performed on a template atorm temperature. Another

22 The nanoparticle dispersion provided from the Nanophase Corportion Inc. is the main semiconducting
material from this point on. In the case of the employment of anotter dispersion, for the speci ¢ case
it is discussed in the text.

23 The results concerning the investigation of the electrical charactristics of the TFT using oxygen
plasma treatment prior to the deposition of the nanoparticles by spay-coating technique or heating
up the wafer during the spray process were partially published in [26].
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Figure 4.36: Direct comparison between the PL spectra of th&nO nanoparticles provide by (a)
Degussa GmbH and (b) Nanophase Corporation Inc.

aspect observed is a higher current in the transistor o -state;his can be ascribed to the
semiconducting Im thickness (which, in this case, is thicker) [BPM06, CKY11, CLK" 08]
and to the increase of the leakage current due to the formation afcontinuous ZnO Im
(fringing current). By employing a treatment in O, plasma, the wetting properties of the
template can be improved (hydrophilic surface), which has positiveeet when depositing
agueous solutions. Nevertheless, this approach has some issg¢she O, plasma treat-
ment is not entirely appropriated for polymeric substrates, (II) he aluminum drain and
source electrodes are oxidized during the treatment jeopardizitige contact quality to
the semiconductor, and (lll) depending on the exposure duratioand plasma intensity,
damage of the gate dielectric is possible. The transfer charactéias of a TFT whose
template was treated in Q plasma prior to the deposition of the nanoparticle dispersion
are shown in Figure 4.37b. In comparison to the untreated transwt, it is possible to
observe a decrease of the transistor current level, which is attuted to the parasitic alu-
minum oxide at the drain and source contacts. Th&yy and the S are constant, and the

re and the | on=lope ratio are reduced in almost two order of magnitude. Additionally,
the constancy of the TFT switching point and low gate leakage cume indicate that the
plasma treatment has not signi cantly damaged the gate dielectric Jeer.

The density of defects in the ZnO nanoparticles plays an importanpte in the insta-
bility of the TFT; however, the interaction of the nanostructureswith the ambient air
also has a large impact on the transistor performance. Metal-oxid®miconductors are
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Figure 4.37: Transfer characteristics of inverted coplanaZnO nanoparticle TFTs with deposi-
tion of the semiconductor on (a) a pre-heated template and on(b) a O, plasma
treated template.

known to interact with molecules present in the ambient atmosphereespecially when
they are used in form of nanostructures [FLO5, XPST00, KMO04]. df example, oxygen
and water molecules have a strong impact on ZnO Ims, varying the elnge carrier con-
centration and depleting the semiconductor surface [VMJ07a, HB8 JWS" 08]. On the
one hand, oxygen is reported to trap free electrons j@) + et ! 0,!(ad)] at the ZnO
surface, reducing the charge carrier concentration. On the ahhand, water molecules
partially desorb the trapped oxygen releasing electrons, hence reasing the charge car-
rier concentration [Mor81, LDS 09]. These e ects prevent a reliable operation of the
TFT. Therefore, a deeper investigation concerning the solvent parization step and the
ZnO interaction with the ambient air was conducted*. Due to the high concentration
of oxygen trapped at the ZnO nanoparticles surface, the pristingansistors exhibited
poor electrical characteristics, as presented in Figure 4.38. Fdnig set of transistors,
structured-gate electrodes were employed, and the depositiohthe nanoparticles was
performed by spray-coating technique at room temperature withut any prior treatment.
When the transistor is stored under ambient conditions with high retave humidity (RH)

(> 50%), water molecules partly replace the adsorbed oxygen fromethanoparticle sur-
face [Mor81, LDS 09]. For each oxygen released, a free electron is added to the Im,
increasing the drain current [VMJO07a]. Nevertheless, the adsoiph of water molecules
at the nanoparticle surface cannot desorb the entire oxygen dent of the ZnO nanopar-

24 The results related to this interaction and to the treatment based on UV irradiation combined with
the storage in a high humidity ambient were partially published in [24].
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Figure 4.38: Transfer characteristics of a ZnO nanoparticd TFT showing the in uence of water
on the drain current. Forward sweep: solid / backward: open. The inset depicts
the cross-section of the TFT.

ticle Im, even when it is stored for 5h at high RH level. Hence, the trasistor will not
work properly.

Aiming at a higher oxygen desorption, an UV irradiation ( = 365 nm and 200 Wcm ?)
of 5min was executed. In order to prevent excessive substrateating, the treatment
was done in steps of 30s of exposure time and 30s break, similar te tirocedure al-
ready discussed for the inverted staggered setup. Upon UV illumimnan, electron-hole
pairs are generated. These holes migrate to sites where chemisdrloxygen is located,
releasing it from the semiconducting Im [JWS 08, LDS 09, PFN*16]. As a result of
the reduced amount of oxygen trapped at the nanopatrticle suda, the transistors show
better electrical characteristics, as observed in the V curve in Figure 4.39. The ex-
tracted turn-on voltage (Von) is in the range of 8V to 2.5V, with an Ion=lore ratio
of about 1¢* and a eld-e ect mobility ( rg) of 5 10 4cm?V !s !. It should be noted
that, as the nanoparticle surface is highly activated, oxygen andater molecules will be
adsorbed/desorbed during the transistor operation. This e ectmay cause device insta-
bility, hence a pronounced hysteretic behavior (Von = 5:5V) is observed when the gate
voltage is swept forward and backward. Similar results were also @&ted when employ-
ing inverted staggered setup and the higk-resin, for which the UV irradiation was used
after transistor aging.
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Figure 4.39: Transfer (a) and output (b) characteristics ofan inverted coplanar ZnO nanoparticle
TFT after UV irradiation.

The scenario when the sample is stored under high RHE 50%) conditions directly after
the UV irradiation step is di erent; the transistors present improwed and stable electrical
properties with minor hysteretic behavior, as shown in Figure 4.40.HE turn-on voltage
is approximately 3:5V, lon=loge ratio is in the order of 1¢, and g is Glcn?V s 1.
The stabilization is ascribed to the physisorbed water at the nanopicle surface that
prevents the adsorption of molecular oxygen and stabilizes the seonducting Im, even
when the transistors are stored and measured under ambient aiithvRH in the range of
25 30%. As a result of the variation on the RH (around 5%) during the &nsistor storage
and characterization, the same transistor, measured 6 weekseafthe UV irradiation and
the high RH treatment, achieved a higher maximal drain current tha in the previous
measurements.

In order to understand the variation of the transistor charactastics, the qualitative
model, previously discussed and presented in Figure 4.11, was adapt Figure 4.41
illustrates the improved model, which shows the e ect of oxygen araf water molecules at
the nanoparticle surface subsequently to the UV irradiation expase. As observed during
the rst transistor characterization, the ZnO Im is saturated wit h oxygen molecules at the
nanoparticle surface (Figure 4.41a) due to the annealing step parhed in a convection
oven under ambient conditions. As a result, the concentration ofde electrons is low
and the transistor characteristics are de cient. By adsorbing war molecules during
the storage in a high humidity atmosphere, the ZnO Im conductivity ircreases due to
the addition of free electrons (released from the trapped oxygenolecules), as shown
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Figure 4.40: Transfer (a) and output (b) characteristics ofan inverted coplanar ZnO nanoparticle
TFT after UV irradiation and storage under ambient conditio n with high RH.
Forward sweep: solid / backward: open.

in Figure 4.41b. Notwithstanding, the adsorption of water moleculesaturates and the
transistor will not work properly despite the increased transistodrain current level.

Since the UV illumination matches the metal-oxide band gap, electramele pairs are
generated [JPO6OAL* 05, FLO5, JWS 08]. The holes migrate to the surface where the
ionized oxygen is trapped, releasing it from the semiconductor Im,sadepicted in Fig-
ure 4.41c. As long as the oxygen is not adsorbed, the concentratif electrons in the Im
increases. Nonetheless, because of the activated ZnO nanoipietsurface, either oxygen
or water molecules are again adsorbed/desorbed during the devigeeration; this activity
creates instabilities in the device operation. This e ect can be mitigad by storing the
sample in a high RH environment directly after the UV illumination. After the oxygen
release, the ZnO Im surface is neutralized by the physisorbed watpreventing oxygen
adsorption (Figure 4.41d). Despite the stabilization of the nanop#cle Im by the water
molecules, the transistor still presents a slight hysteresid/y = 0:5V) in the transfer
characteristics. This can be related to residual trapped oxygenr to the existing defects
in the ZnO Im or at the semiconductor/gate dielectric interface. Cmjointly, the discrete
current uctuations in the transistor's characteristics are attiibuted to trap activity at
determined current paths in the ZnO nanoparticle network. Furtler experiments regard-
ing the improvement of the treatment described are presented ire&ion 4.2.3, where a
constant ow of nitrogen was used during the UV-irradiation prevating re-adsorption of
oxygen molecules during the break steps.
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Figure 4.41: Model representing the interaction of ZnO nangarticles with oxygen and water
molecules under UV irradiation. Model based on [VMJ07a, JWS 08, LDS' 09].

Based on the results concerning the stabilization of the ZnO nanapiales provided by
the Nanophase Cooperation Inc., the dispersion provided by DegasGmbH was again
evaluated in the TFT structure in order to verify the in uence of this treatment on the
transistor performance. Using a similar template, the dispersion waprayed, cured and
treated following the same procedure. The input and output chacderistics are depicted
in Figure 4.42. Due to the higher density of defects (PL spectra Figure 4.36) of these
nanoparticles, the results concerning TFT performance were drent. This indicates that
the nanoparticle's defect density has a strong in uence on the ctge carrier transport
in the semiconducting material, and that the impact of the adsorbedxygen is minor
only contributing to the degradation of the TFT performance. Theefore, the use of this
dispersion as active semiconductor material was not reintroduced

As described previously in the integration section, the patterningfathe drain and
source electrodes by etching process leads to a hydrophilic gatelatigic surface. This
characteristic increases the compatibility with the water-based digrsion containing the
ZnO nanopatrticles. Therefore, spin-coating technique was reinttuced in the integration
process to evaluate the e ect of the hydrophilic character of theemplate surface on the
transistor characteristics. After the TFT template structuration, the semiconducting so-
lution was spin-coated onto the sample followed by a solvent vaportizan step. After the
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Figure 4.42: Transfer (a) and output (b) characteristics ofan inverted coplanar ZnO nanoparticle
TFT using the Degussa GmbH dispersion after UV irradiation and storage under
ambient condition with high RH.

stabilization of the nanoparticulated Im by UV irradiation combined with wet-air treat-
ment, the transistors were electrically characterized. The tramgor's transfer and output
characteristics are presented in Figure 4.43. It is possible to obgera small hysteretic
behavior in the transfer characteristic when the gate voltage is spt forward and back-
ward (Figure 4.43a). This instability is related either to an incompletetabilization of the
nanoparticulated Im or to the already existing defects at the dieleiric/semiconductor
interface, as already discussed. The TFT turn-on voltage is close 0V, a eld-e ect
mobility of approximately 0:2cn?V s ! was extracted, and the transistor depicts an
lon=lore ratio and subthreshold swing §) in the range of 16 and 500 m\~dec, respec-
tively.

Due to the reduced contact area between the drain/source eleaties and the nanopar-
ticulated Im in inverted coplanar setups, which leads to a low chargearrier injection at
the contacts, the transistor current is limited. Another disadvatage of this setup is the
critical de nition of the spin-coating parameters during the semicoductor deposition. As
the drain and source electrodes are already structured, the spinating process induces
an uneven distribution of the semiconductor in the channel regiorelsause of the involved
centrifugal forces. The decrease of the solid content in the disp®n indeed improves the
deposition uniformity on the wafer, but also reduces the contactuglity between neigh-
boring nanoparticles, drastically increasing the semiconducting Imesistivity. Moreover,
the ZnO deposition can be improved by the use of a spray-coatingctaique, as prior
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Figure 4.43: Transfer (a) and output (b) characteristics of an inverted coplanar ZnO nanopar-
ticle TFT employing spin-coating technique for the deposiion of the nanoparticle
dispersion on the hydrophilic transistor template.
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Figure 4.44: Transfer (a) and output (b) characteristics of an inverted coplanar ZnO nanoparti-
cle TFT employing spray-coating technique for the depositon of the nanopatrticle
dispersion on the hydrophilic transistor template.
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Figure 4.45: Scanning electron microscope images of the Zn@noparticle layer after the solvent
vaporization at 115 C in a convection oven for 1 h and the UV and high humidity
treatment.

addressed. Besides the better compatibility for a large-scale praiion on exible sub-

strates, this deposition method increases the transistor perfoance as well as the yield
of operating transistors. Figure 4.44 depicts the input and outputharacteristics of the
TFTs employing spray-coating technique for the deposition of theamoparticle disper-
sion on the hydrophilic transistor template. The gz and the turn-on voltage have not
signi cantly changed. An Ion=lore ratio and S of about 1¢* and 500 m\~dec were ex-
tracted. Scanning electron microscope images of the nanoparteted Im are shown

in Figure 4.45; predominantly, spherical shaped nanoparticles with diameter of about
70 nm are observed. This is in agreement with the dispersion speciticans [Nan16c].

Based on the encouraging results achieved on rigid substrates ao, the transfer of
the integration process to exible substrates was initiated. At rg, inverted coplanar
transistors employing the highk nanocomposite as gate dielectric and spray-coating tech-
nique for the deposition of the active semiconducting materials (Zn@anoparticles) were
evaluated.

4.2.3 ZnO Nanoparticle TFT on Flexible Substrates

The development of the TFT template on rigid substrate was perfoned aiming at a
later transfer to exible substrates. Thus, all processes stepgere chosen and adjusted
to be compatible with polymeric foils. Based on the improved depositioquality of the
nanoparticle dispersion achieved employing spray-coating technejwn the hydrophilic
gate dielectric after the structuration of the drain and source ebtrodes by wet-etching,
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this approach was chosen to be implemented on a PET substrate Despite the hindrances
concerning the integration on exible templates, the transistors epicted similar electrical
characteristics when compared to their rigid-substrate countparts. Figure 4.46 depicts
the transfer and output characteristics of the ZnO TFTs integréed on a freestanding
polymeric substrate. A turn-on (Von) voltage of around 1V, a eld-e ect mobility ( gg)
in the order of Q5¢cn?V s 1, an lon=lorr ratio of 10° and a subthreshold swing $)
of 500 m\=dec were extracted. An interesting aspect of this integration poess is that
even applying di erent deposition methods for the active semicondtor and using either
an oxidized Si wafer or a polymeric substrate, the transistor chacteristics present no
signi cant variation. This stability depicts the robustness of the deeloped integration
process. Nonetheless, since low temperatures (maximum tempgera of 115 C) are used,
no sintering of the nanoparticles occurs. The sintering of ZnO naparticulated Ims
starts at temperatures above 40CC and is reported to improve the nanopatrticle intercon-
nections [LJJ 08]. Unfortunately, higher temperatures are not applicable to poigeric
substrates, unavailing such approaches. Another procedure @ punctual annealing of
the nanoparticulated Im is the employment of pulsed laser exposureWith this tech-
nique, the characteristic of the semiconductor can be optimized lgontrolling the pa-
rameter of the laser processing or the annealing ambient conditiofgMK * 09, LPK* 12].
Even though the annealing of the Im is super cial, damaging of the seiconductor Im
[LPK*12] or of the gate dielectric caused by excessive laser exposurg tead to insta-
bilities in the transistor operation. Notably, the devices of this stug, however, depict
performance for digital circuits without any additional sintering treatment. Furthermore,
their characteristics are comparable to transistors integratedsing much higher tempera-
tures and vacuum processes, as sputtering techniques for traegdielectric or the active
semiconductor deposition [FBM12, PMV 16, LJJ" 08].

The optical characteristics of the fabricated TFTs were also invégated. Figure 4.47
shows the optical transmittance measured by ultraviolet-visible (M Vis) spectroscopy.
A transmittance of around 75% is achieved in the visible light spectrunDue to the use
of metals for the gate, drain and source contacts, the transménce is reduced depending
on the density of these electrodes. The low transparency betwethe wavelengths of
350 nm and 400 nm is associated to the light absorption caused by #heO nanoparticles.
The energy levels in the band gap originated by defects in the nanapeles lead to a

25 The results related to the transferring process of the integratim of ZnO TFT from rigid to poly-
meric substrates, especially the resolutions achieved in the photolitography on PET substrates were
partially published in [5].
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Figure 4.46: Transfer (a) and output (b) characteristics ofan

inverted coplanar ZnO nanoparticle

TFT on a freestanding PET substrate. The inset depicts the cross-section of the

TFT.
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broadening of the absorption spectrum. Notwithstanding, the ir@grated TFTs preserve
the transparency and the exibility of the substrate, although the metal electrodes can
be clearly seen, as depicted in the inset of Figure 4.47.

The partial re-adsorption of oxygen molecules during the UV expoe and wet-air
treatment could lead to an incomplete stabilization of the semicondting Im. Aiming
at the improvement of this process, the UV irradiation and the high timidity treatment
were performed under inert gas conditiod In this case, a constant ow of nitrogen
removes the ambient oxygen as well as the molecules desorbed fitti nanoparticles
during the UV exposure step out of the irradiation chamber. For tb subsequent high
humidity treatment, wet-nitrogen was used.

After the treatment in N, atmosphere, the transistors were exposed to ambient air for
the electrical characterization. The transfed  V curve is presented in Figure 4.48b.
The transfer characteristics of the previous TFT treated in ambig air are shown for
comparison (Figure 4.48a). An increase in the transistors instabilityas observed, as
well as a discrete uctuation in the drain current. The step-like uduations were already
reported during the stress test of the transistors (Section 4.3.1 The increase of the
trap in uence is ascribed to the variation of the ozone amount durig the UV irradiation
step. The ozone is formed from the atmospheric oxygen or the nmiées desorbed from
the nanoparticle surface by the UV irradiation. The interaction betveen ozone and ZnO
nanowires was already investigated and an improvement in the TFT germance was
reported in [JLY* 07]. On the one hand, the B ow purges the released oxygen from the
ZnO Im and prevents its re-adsorption; on the other hand, the aane is also removed
from the reaction chamber, and so it is unable to react with the senaoducting Im.

As reported by Martin et al. [MFN* 04] and Goncalvest al. [GPF* 06], ozone reacts
with the defects at the grain boundaries of sputtered ZnO, actings a donor element
and increasing the conductivity and connectivity between grains. malogously, this e ect
can be applied to the ZnO nanoparticles. During the synthesis of thenostructures, the
majority of defects are concentrated at the surface of the cqound [JP06, Kli07, FLO5].
Traps at the connections between neighboring nanoparticles hagemajor in uence on
the charge carrier ow through the nanoparticulated Im as alreag anticipated when a
step-like behavior was observed in stress test at constant biasor@dequently, the traps at

26 The results related to the UV exposure combined with high humidity treatment under inert atmosphere
were partially published in [19].
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Figure 4.48: Transistor transfer characteristics (a) afte the UV irradiation step combined with
a wet-air treatment and (b) with a pure nitrogen ow during th e treatment.
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ow during the treatment.

147



4 Zinc Oxide Transistors Paderborn University

ZnO nanoparticles can be categorized in two groups: one relatedtte adsorbed oxygen
molecules, which reduce the charge carrier concentration jeogaing the current ow
magnitude, and the other related to defects in the ZnO structurevhich interact with the
ozone produced during the UV irradiation step. By intense UV expase under ambient
conditions, the majority of the oxygen at the nanoparticle surfae is released increasing
the charge carrier concentration in the ZnO Im. Conjointly, the interaction between the
ozone and the ZnO crystal defects increases the connectivityrafighboring nanoparticles
[MEN* 04].

In order to con rm that the increase on the transistor instability is not directly related
to the polymeric substrate and its mechanical exibility, the same pvcedure was per-
formed on a rigid template. As it is possible to observe in Figure 4.49, andlar e ect
was noted in TFTs integrated on an oxidized Si wafer. Thereforehé increase of the
instability can be ascribed to the reduction of the ozone amount in thtreatment, and
it is not related to the exible template itself. Conjointly with the investigation of the
semiconductor stabilization under inert gas, other variations of # treatment were also
investigated. By placing the sample at the exhaust system of the Udmp (the con-
centration of ozone is high and the UV irradiation is minimized), the sapie depicted
de cient electrical characteristics, which is in agreement with thexygen bounded to the
ZnO nanoparticles trapping charge carriers. Increasing the rele¢ humidity during the
exposure,i.e. the UV irradiation is performed at a constant wet-air ow, the transistor
presented a strong turn-on voltage shift. This e ect is related tdahe additional in uence
of OH! groups at the surface during the UV irradiation. By performing thistest under
inert gas atmosphere (constant ow of wet-N), a shift of Von similar to the previous test
as well as deterioration of the subthreshold swing were observethese e ects are also
attributed to the reduced amount of ozone in the chamber duringhie treatment. The
respective transfer curves of the TFTs are shown in Figure 4.5Q.i$ known that a deeper
investigation concerning di erent atmospheres, humidity levels asedl as the evaluation of
stabilization mediums as alcohol vapors.g. ethanol, isopropanol or acetone, instead of a
high humidity environment should be performed. However, based dine results obtained
up to this point, the transistors treated under ambient air were tle ones that depicted
better electrical performance and stability.
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Figure 4.50: Transfer characteristics of ZnO TFTs on rigid substrate (oxidized Si wafer) treated
with (a) ozone, (b) UV and high humidity simultaneously and (c) UV and high
humidity simultaneously under inert atmosphere.
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4.3 Performance Improvement: Application of Inverted
Staggered Setup

As already discussed throughout this study, especially in Section 3thhe main drawback of
inverted coplanar setups is the poor contact quality between the@n and source materials
and the semiconducting Im. Whereas, by applying an inverted stagged setup, the drain
and source electrodes are structured on top of the semicondugt layer, hence a better
contact quality can be achieved.

With the employment of inverted coplanar structures to improve tle transistor relia-
bility as well as compatibility to polymeric substrates, the main instabiliy mechanisms
in the ZnO nanoparticles TFTs could be identi ed and minimized without asubstan-
tial increase in the production costs. Afterwards, in order to immve the performance
of the elementary transistor, an inverted staggered setup carelapplied. Considering
the integration aspect, one drawback of this setup is the chemicsiress su ered by the
semiconducting layer during the structuration of the drain and saee electrodes. Many
research groups avoid this stress by using a shadow mask techeidor the deposition of
the electrode material; however, this method impedes the integrah of compact circuits
and is not entirely suitable for large-scale production. Hence, camtional contact pho-
tolithography technique and a lift-o process were used for the daition of the drain and
source areas. To avoid the processes instabilities related to thelypoeric substrate, rst
experiments were performed on rigid substrates (oxidized Si or gkawafers) and later
transferred to freestanding exible templates.

For the integration of this transistor setup, the processes up tthe gate dielectric de-
position and curing/cross-linking step are the same as the ones folkd for the inverted
coplanar. After the achievement of a hydrophilic character of thgate dielectric layer
surface through a chemical activation, as described in Section 3,6tlhe nanoparticle
dispersion is deposited. As no structures (drain and source elexdes) were present at
this point on the sample, spin-coating technique was used. The appglion of the spray-
coating method is also possible; however, the deposition of a layertwén even thickness
on large area samples is complicated with the current deposition sptavailable in the
Sensor Technology Department of the Paderborn University. Adtwards, via connections
through the semiconducting layer and the gate dielectric were opeth using photolithog-
raphy and wet-etching techniques to contact the gate electrodd-inally, the drain and
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Figure 4.51: Transfer characteristics (a) of an inverted saggered ZnO nanoparticle TFT with
the stabilization of the semiconducting layer after the integration process. Out-
put characteristics (b) of the double treated transistor. Forward sweep: solid /
backward: open. The inset depicts the cross-section of the HT.

source electrodes were structured by lift-o technique of a 15@x thick aluminum layer
evaporated under high-vacuum conditions.

Subsequent to the transistor integration, the UV irradiation and \et-air treatment were
performed as described for the inverted coplanar settfp The transistor transfer char-
acteristics of the inverted staggered setup device are shown in &g 4.51. Due to the
shadowing e ect originated by the drain and source material (notransparent), the area
of the semiconducting layer underneath the electrodes was not elitly a ected by the
UV irradiation. However, as a result of scattering centers preseim the nanoparticulated
Im and of the porosity of the layer, the ZnO nanoparticles under te drain and source
contacts could be partially exposed to the stabilization process. €hpresence of organic
residues (photoresist) from the photolithography may also deterate the e ectiveness
of the stabilization treatment. These residues can be removed bytense UV irradiation
and ozone exposure [Vig85, KH16]. Therefore, a second treatmstep was carried out
in order to increase the exposed ZnO section and to remove possibiganic contami-
nations. The electrical characteristics after the double stabilizadn process are depicted
also in Figure 4.51. No further improvement of the transistor chacderistics were ob-

27 The results related to stabilization of the ZnO nanoparticles in inverted staggered TFTs were partially
published in [12].
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served by executing additional treatment sequences since theanhel section of the active
semiconducting layer was overexposed to UV-irradiation.

Aiming at an even stabilization of the nanoparticulated Im, the treatment in the inte-
gration process order was shifted: instead of being the last stejpwas placed prior to the
structuration of the drain and source electrodes. Moreover, ¢hsemiconducting layer sta-
bilization may act as a protection (due to the physisorbed water mateles) preventing the
adhesion of organic residues from the photolithographic step. Tlexpected performance
improvement when the inverted staggered setup is appli€dcan be noted by the tran-
sistor transfer and output characteristics shown in Figure 4.52. hle eld-e ect mobility
has increased from about:@cn?V s ! to 3:7cn?V s ! and the lgny=loge from 10* to
10’ compared to the spin-coated inverted coplanar TFT. The subthehold swing has also
improved signi cantly, and it reaches values of about 130 n®flec. The turn-on voltage
is about 05V and has not signi cantly changed in comparison to the prior integited
transistors either using spin-coating or spray-coating depositiotechniques. From the
IV curves of the transistor, it is possible to note that the on-statewrent level is about
two orders of magnitude higher, which is attributed to the better sarge carrier transport
through the drain and source contacts due to larger contact aae Moreover, the o -state
current reduction is ascribed to the semiconducting layer region tveeen the overlapped
area of the drain/source and gate electrodes prior to the charnrfermation (Vg < Von).
This e ect leads to an access resistance, typical from invertedagigered setups, hence
reducing the leakage currents in the transistor when negative gavoltages are applied.
Further improvement can be observed by the drain current slopeliain conductance
| p=Vp) in the linear region of the output characteristics. Since the UV andhigh hu-
midity treatment was performed before the drain and source eleodes integration, no
shadowing e ect occurs and the charge carrier injection in the tresistor channel is im-
proved. Since the treatment endured the photolithographic press without a signi cant
decrease in its e ectiveness, this outcome was ascribed to a doublger surface formation
[Lan32]. As a consequence of the large surface area present inrtapoparticulated Im
and of the low-temperature processes used during the TFT inteagion, the treated ZnO
surface is able to endure the upcoming processing steps.

The improved transistor performance is ascribed to the better atact quality due to
the increased contact surface between the drain and source #ledes and the nanopar-

28 The results related to the comparison of the inverted staggered FT with the inverted coplanar
counterpart were partially published in [4].
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Figure 4.52: Transfer (a) and output (b) characteristics of a ZnO nanoparticle TFT on oxidized
Si wafer applying an inverted staggered setup.

ticulated Im. However, a precise and reliable estimation of the contd resistance value
and of the mechanism responsible for the charge carrier injectioneastill under inves-
tigation. The hindrances are related to the semiconducting Im morpology. As the
current transport in the ZnO nanoparticles is based on percolatiopaths, discrepancies
in the estimation of the resistance values are induced by this chatadstic. Additionally,
as the metal-semiconductor contacts are in uenced by the applidadas, a non-linear and
non-ideal behavior is also commonly observed [VMJ07a]. Studies repwy on the conduc-
tion mechanisms in non-crystalline ZnO Ims can be found elsewhere [M&, MBF* 07].
The current transport is strongly a ected by the Im defect densty and grain bound-
aries. When using ZnO nanowires, for instance, their orientation dmetwork formation
are even more critical, as the electrostatic coupling between thenseonducting material
and the gate electrode is poor, requiring higher gate voltages fdnet device operation
[KPP* 08, KHL" 13].

To the best of our knowledge, the transistor metrics extracteaf the inverted staggered
setup are among the best reported for ZnO nanoparticle TFTs. Inomparison with the
results presented in this study, Fabeet al. have described TFTs depicting higher charge
carrier mobilities; however, they show a highly pronounced hystesis in the transfer char-
acteristic [FHK™ 12]. For an improvement of the performance, the ZnO nanoparticevere
treated in oxygen plasma [FHK 12]. This approach induces instabilities in the transistor
operation and prevents its integration on exible substrates as # oxygen plasma dam-
ages the template as well as polymeric dielectrics. Cled al. have reported ZnO-based

153



4 Zinc Oxide Transistors Paderborn University

103 T T T T T 140 T T T T T T T T T T T T
. V;=-6Vto8V,step2V
1073 1201 L =5 umWw=500 ym e .
10°1 100{ " o e ]
10°+ o 80- ' i
— y 7 - ..'..-. ] T
< 10 / / I "
o 8] - ] ~ o
- 10 . T V=5V = 401 = .
10‘9\_ L=5 um, W =500 um ol A :
10 = |, (Forward) ] I.:.-"
Lot = |, (Backward) 0 n
5 0 5 1c o 1 2 3 4 5 6 7
Vq (V) vV, (V)
(a) (b)

Figure 4.53: Transfer (a) and output (b) characteristics of a ZnO nanoparticle TFT on borosil-
icate glass substrate applying an inverted staggered setup

TFTs integrated using a nanoparticles and precursor mixture ink inroler to achieve a
better Im morphology enhancing the transistor performance [CKJ12]. Nevertheless,
for the formation of the semiconducting Im, temperatures of 250C are required, lim-
iting the compatibility of the integration process to certain polymericsubstrates or to
glass. TFTs with similar characteristics were also discussed by Pagkal., in which alkali
metal doped ZnO was applied as the active semiconductor, requiringgher temperature
processing, too [PKK 12]. The electrical characteristics are also comparable to the ones
of TFTs with semiconductors fabricated employing ZnO precursordiowever high tem-
peratures or annealing under strict atmosphere are essential teduce instabilities and
to assure operation at low voltages [MAH08, TBS" 11]. ZnO-based TFTs using sput-
tering techniques depict denser semiconducting Ims besides the gswility to vary the
semiconductor composition by adding In, Ga or Sn, for example. SudFTs usually
present higher performance [BPG09, FPP" 04, LKKPO07]. Notwithstanding, the tran-
sistors reported in this study present similar metrics using low-co$abrication processes
and materials, as well as integration steps that are fully compatibleot exible substrates.

Employing a di erent rigid substrate, i.e. borosilicate glass wafer, the TFT electrical
characteristics have su ered minor variations. The transfer andutput I V graphs are
shown in Figure 4.53. A turn-on voltage of approximately 8V, a eld-e ect mobility of
around 1 3cn?V s !, a subthreshold swing of about 250 mMtlec andl oy =logr in the
range of 16 were extracted. The main di erence in the processing is the relatieitical
photoresist developing step prior to the lift-o technique, in which oganic residues could
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Figure 4.54: Transfer (a) and output (b) characteristics of a ZnO nanopatrticle TFT on borosil-
icate glass substrate applying an inverted staggered setupfter degradation over
time.

be present, causing variations in the contact quality. Overdevelament of the photoresist
may damage the gate dielectric underneath the semiconducting lay& his issue is critical
for exible substrates, as described later in this section.

Even considering the double layer surface at the nanoparticles etlstabilization of the
semiconducting layer can be jeopardized due to the strong alkalineliion applied for
the development process, and to the use of solvents during the -lift process for the
structuration of the drain and source electrodes. Hence, whetosng the sample in a low
humidity atmosphere (less than 30% RH), a slight aging e ect was netl. This can be
observed by the comparison between the original characterizatigFigure 4.53) and the
one performed after a couple of days (Figure 4.54). The right shisf the turn-on voltage,
the presence of an anticlockwise hysteretic behavior, and the textion of the drain current
level suggest a re-adsorption of oxygen molecules by the nandjgatated Im. Therefore,
a second UV irradiation step combined with wet-air can be performedAfter a second
treatment, it is possible to observe a recovery of the aging e eci{gigure 4.55). As
previously discussed, this treatment is stable over long periods @it even considering a
transistor without the application of a passivation layer and integreed using nanopatrticles
that did not undergo any sintering step. The transfer and outputcharacteristics of the
TFT analyzed again two months later are depicted in Figure 4.56. Desp the slight
hysteretic behavior displayed in the transfer characteristic and aninor degradation of
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Figure 4.55: Transfer (a) and output (b) characteristics of a ZnO nanoparticle TFT on borosil-
icate glass substrate applying an inverted staggered setudepicting recovery after
a second UV and high humidity treatment.
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Figure 4.56: Transfer (a) and output (b) characteristics of a ZnO nanoparticle TFT on borosili-
cate glass substrate applying an inverted staggered setupfter two months of stor-

age.
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Figure 4.57: Transfer (a) and output (b) characteristics of a ZnO nanoparticle TFT on PET
substrate applying an inverted staggered setup. The inset dpicts the cross-section
of the TFT.

the drain current in the saturation regime, the transistors opeite adequately and their
metrics have just su ered minor variations

The transfer of the integration process to a exible substrate Hds its main di culty
on the photolithography step upon the nanoparticulated semicondting Im prior to the
metal deposition and lift-o technique. On the one hand, overdevepment of the photore-
sist may damage the ZnO nanoparticles or cause adhesion issuesh tanoparticulated
Im. On the other hand, underdevelopment leads to a presence ofganic residues below
the metallization layer and, therefore, deterioration of the contat quality between the
semiconductor and the metal. The transfer and output charactistics of the inverted
staggered TFT on freestanding PET substrate is depicted in Figu&.57. The eld-e ect
mobility ( ) is about 0:5¢cn?V s 1, the subthreshold swing §) is around 300 m\£dec
and the current modulation | on=lorr is in the range of 160 to 10°. As expected the
turn-on voltage is constant throughout the di erent transistor setups and the distinct
mechanical supports (PET substrate, oxidized Si or borosilicatdags wafer) applied in
this study. By comparing the output characteristics of inverted ggered and inverted
coplanar setups, an improvement of the contact between the Zréhd the D/S electrodes
can be qualitatively observed. However, a decrease in they=lorr Was noticed and as-
cribed to the increase of the o -state current of the TFT. This le&age current is related
to a possible damage of the polymeric matrix of the nanocompositetgalielectric during
the last photolithography step, where an alkaline solution is used a®vktloper. Current
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work focuses on the improvement of this step by employing a photsist which is less
aggressive to the dielectric [XOW15] or by the application of a release layer which is
soluble in water [Mic16].
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CHAPTERD

ELECTRONIC CIRCUITS

Aiming at the evaluation of the TFTs in electronic applications, invertes and ring oscilla-
tors were also integrated and analyzed. These circuit elements &wedamental to several
electronic applications and, thus, their feasibility is the rst step tavards the integration
of complex systems. The integration procedure was described inapter 3, whereas the
electrical characterization of single transistors was discussed im&pter 4. The current
chapter is divided into two sections: one on inverters, and the othene on ring oscillators.
Both electronic circuits were integrated on rigid and exible substrges.

5.1 Inverters

Since the ZnO nanoparticle TFTs in inverted staggered setup (Sémh 4.3) depicted an
improved performance, inverters were integrated using this strture for evaluation of their
characteristics for digital circuit applications. First, the elementay circuits fabricated on
rigid substrate (oxidized-Si wafer) are analyzel. Subsequently, the comparison with
inverters integrated on PET substrates is presented. The invests were designed using a
load transistor in the pull-up network and an active transistor in thepull-down network.
Figure 5.1 shows the schematic circuit and an optical microscope ingagf an inverter.

29 The results concerning the inverters using ZnO nanoparticle TFTs o oxidized Si wafer were partially
published in [4].
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Figure 5.1: Schematic circuit (a) and an optical microscopemage (b) of an inverter using ZnO
nanoparticle TFTs.

The voltage transfer characteristics (VTC) of a typical inverterat di erent supply
voltages (Vpp) are depicted in Figure 5.2. The inverter circuit showd® =V peak gains of
approximately 11 forVpp = 2:5V, and 45 forVpp = 10V. Additionally, the high and low
output voltage levels swing almost the entire supply voltage coursee. the high output
level is comparable to theVpp and the low output level is close to the ground potential,
although the inverter uses only a single type of transistor (as loacdd as active TFTs)
instead of a complementary design. Another important aspect is éhnoise margin NM )
de ning the voltage tolerance or the amount of noise that the cirdtiwithstands without
compromising its operation. This margin is de ned for low levels alM | = Vi, VoL
and for high levels alNMy = Voy V. The input low voltage (V_), the output low
voltage (Vo.), the output high voltage (Von) as well as the input high voltage Vi) are
extracted from the voltage transfer characteristics at the pots where the gainvV=V of the
inverter is equal to unity. For the inverter characterized in Figures.2, the noise margin
NM _ is approximately Q4 V independently of the supply voltage, and thé&\ My is about
1V for Vpp =2:5V and around 76V for Vpp = 10V.

The inverter geometry, especially the di erence between the loachd active transistors'
sizes, a ects the circuit characteristics, such as the gain and thmwer consumption. The
geometry ratio ( ) is de ned as the quotient between theW=L relation of the active
and the load transistor. Figure 5.3 depicts the average peak gain witli erent supply
voltages and geometry ratios. An increase of this gain is observetdem a higher supply
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Figure 5.2: Voltage transfer characteristics of a ZnO nanogrticle inverter with di erent supply
voltages. The bottom graph depicts the gain in dependence othe input voltage.

voltage is applied. This e ect was noted in all analyzed inverter's geaetric ratios but
= 3. In this case, the active TFT requires a large variation of the inptivoltage to
switch the output voltage level, decreasing the inverter gain. Figar5.4 shows the peak
gain as a function of the inverter geometry. On the one hand, it is geible to recognize an
improvement on the gain following the increase in the size di erence taeen the active
and the load TFTs. On the other hand, it starts to saturate at > 25 indicating that a
higher geometry ratio consumes more active area of the subseawvithout a substantial
improvement of the circuit performance and also increasing the paction cost.

The hysteretic behavior observed in thé V curves of the transistors is also transferred
to the electrical characteristics of the inverter. An inverter with = 100 depicts a
di erence in the switching point of about Q6 V when the input voltage /\) is swept
from logic level 0 to 1 and again vice versa, as shown in Figure 5.5a. TIsisift in
the operation characteristics is proportional to the variation of he Von observed during
the TFT characterization. Circuits with smaller geometry ratios preent a lower shift
di erence (see Figure 5.5b) due to the operating point of the activ@FT, which is less
sensitive to the hysteretic behavior. However, such inverter rages a higher excursion of
the Vjy to switch the output level. An approach to improve the switching poihand to
increase the reliability is the development of a more robust circuit dig;n [HFL™ 11].

Commonly, inverter circuits applying a single TFT type as load as well aactive transis-
tors require more power to operate. Figure 5.6 shows the powensamption as function
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Figure 5.3: Average peak gain of the ZnO nanoparticle invertrs in dependence on the supply
voltage.
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Figure 5.4: Average peak gain of the ZnO nanoparticle invertrs in dependence on the geometry
ratio.
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Figure 5.5: Voltage transfer characteristics of a ZnO nanoaprticle inverter with geometry ratio
(a) equal to 100 and (b) equal to 5 and withVpp = 7:5V.

of the geometry ratio; for inverters with low , it is higher as the pull-up transistor allows
for a relatively high current ow through the circuit. The main consumption occurs when
Vout IS at a low-voltage state Yy is at high state), as both load and active TFTs are
conducting. During the high-voltage state of the output, the poer consumption decreases
to less than 01 W for all geometry ratios as the active transistor is not conducting

Further improvements regarding the power consumption and theastching character-
istics of the inverters can be achieved by a complementary designhéFefore, an organic-
based TFT with p-type characteristics could be used in the pull-up network instead
of a load TFT. First experiments following this approach are preseetl in Section 6.2.
Notwithstanding, the performance of the inverters employing a sgte transistor type is
already adequate for the integration of digital circuits on exible tenplates as the integra-
tion process is fully compatible to polymeric substrates. Moreovethe inverter metrics
are comparable to devices that are integrated using sputteringdeniques and high per-
formance materials, or high annealing temperature processes ttoe semiconducting layer
[OAS" 07, MSR" 14, PMV™ 16].

In order to evaluate the feasibility to integrate electronic circuits n exible substrates,
inverter circuits were fabricated also on a freestanding PET féf,, following the process
described in Section 3.6.1, rstly applying an inverted coplanar setupThey showV=V

30 The results concerning the inverters using ZnO nanoparticle TFTs @ PET substrates were partially
published in [1] and [14].
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Figure 5.6: Maximum power consumption as a function of the Zi©® nanoparticle inverter geom-
etry ratio.
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Figure 5.7: Voltage transfer characteristics of an inverte circuit of ZnO nanoparticle devices on

PET substrate applying an inverted coplanar setup. The bottom graph depicts the
gain in dependence on the input voltage.
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Figure 5.8: Voltage transfer characteristics of a ZnO nanogrticle inverter applying an inverted
staggered setup on (a) PET substrate and on (b) oxidized Si wier with di erent
supply voltages. The bottom graphs depict the gain in dependnce on the input
voltage.

gain of about 25 forVpp = 15V and su cient performance for electronic circuits. The
voltage transfer characteristics is depicted in Figure 5.7.

Inverter circuits were also evaluated applying inverted staggeretFTs on polymeric
substrates (Section 4.3), as this type of structures depicts atber performance compared
to the employment of inverted coplanar setups. The voltage trafex characteristics of a
typical inverter is shown in Figure 5.8a. TheV=V peak gain of the devices is about 20
for Vpp =5V, and around 50 forVpp = 15V. These inverters have also shown adequate
electrical characteristics for the integration of more complex elgonic circuits on exible
substrates. Moreover, for comparison reasons, as this studyows successful results of
the transfer process from a rigid to a exible substrate, Figure 5B8depicts an inverter
integrated on an oxidized Si wafer with the same geometry ratio . It is possible to note
the consistency of the integration process and of the results @a&led on both rigid and
exible substrates. Nevertheless, one of the observed di eregx is related to the higher
leakage current for the transistor integrated on the PET subséte (Section 4.3). Due to
this aspect, the PET inverter's high voltage levels are lower than thenes on the Si wafer.
By selecting a lower geometric ratio, the high-state voltage level mdbe improved as the
load transistor allows for a higher current ow through the circuit. Thus, the leakage
current of the active transistor has a reduced e ect on the invégr high-level state.
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5.2 Ring Oscillators

After the encouraging results obtained from the evaluation of th&FTs on inverter cir-
cuits, their dynamic characteristics were also investigated. Theiee, inverters were con-
nected to form a ring oscillator, as shown in Figure 5.9. Two importargspects concerning
such circuits should be emphasized: the presence of an output irige driver (bu er) to
avoid major in uence of the measurement system on the operatidnequency; and the
fact that the number of inverters in the ring should be odd, otherige the circuit will not
oscillate.

Ring oscillators are generally utilized to compare the performance diferent technolo-
gies or circuit styles [RCNO3]. Due to the odd number of inverter bloskand the feedback,
the circuit operating point is not stable causing the output to oscillaé. The oscillation
frequency is determined by the propagation time of a signal throaghe circuit chain. It
can be expressed as:

f=2t=_1
T 2t,N

whereT is the period of the oscillation t, is the propagation time of each inverter block

(5.1)

and N is the number of inverters in the chain of the ring oscillator circuit. Tle factor 2
is related to the requirement of a full cyclej.e. low-to-high and high-to-low transitions
[RCNO3].

In this study, ring oscillators employing inverted coplanar setups we rst integrated
and characterized on rigid substrates (oxidized Si wafer). The tput voltage as a function
of time is depicted in Figure 5.10. An oscillation of the current can be @dy identi ed,
a strong indication that the integration process is stable enough tfabricate small cir-
cuits ( > 12 transistors). Nevertheless, a relatively low oscillation frequendés observed;
propagation times in the order of B 0:5s were extracted for a single inverter.

Similar results were achieved when the same integration process wassferred to a
polymeric template. Figure 5.11 shows the output voltage of a ring @ator on a PET
substrate over time. In this case, the propagation time of a singleverter is approxi-
mately 0.15s. This outcome (low frequency) can be attributed to #se aspects: the low
performance of inverted coplanar TFTs in comparison to the inveed-staggered ones, the
high-resistive contacts and wiring between the inverter circuits,ral the increased fan-in
and fan-out caused by parasitic capacitances. Aiming at a higher em@tion frequency,
ring oscillators on rigid substrates (oxidized Si wafer) employing anvarted staggered
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Figure 5.9: An optical microscope image and the schematic @uit of a ring oscillator of 5 stages
with an output bu er using ZnO nanoparticle TFTs.
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Figure 5.10: Ouput voltage of a ZnO nanoparticle ring oscilator on rigid substrate (oxidized Si
warfer) employing inverted coplanar inverters (load TFT: L =10 m, W =250 m;
active TFT: L =1:5 m, W =1000 m). The circuit consists of 5 inverter blocks
in the oscillation chain and one output bu er (load TFT: L =10 m, W =250 m;
active TFT: L=1:5 m, W =1000 m).
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Figure 5.11: Ouput voltage of a ZnO nanopatrticle ring oscilator on freestanding PET substrate
employing inverted coplanar inverters (load TFT: L =10 m, W =250 m; active
TFT: L =3 m, W =1000 m). The circuits consist of 5 inverter blocks in the
oscillation chain and one output bu er (load TFT: L =10 m, W =250 m; active
TFT: L=3 m, W =1000 m).

setup were fabricated. Figure 5.12 depicts the output voltage asfanction of the time.

By applying this TFT setup, a higher excursion of the output voltages observed, which
is attributed to the improved performance of the transistors as &l as of the inverters;
however, the oscillation frequency was just slightly a ected. Praation times of around
0:06 s were extracted for a single inverter.

Based on the results achieved applying either inverted coplanar owverted staggered
transistor setups, the main issue regarding the dynamic operatiasf the TFTs is not
related to the performance of each block (transistors), but tadhe interconnection between
them. On the one hand, the employment of a stack of Al and Ti usetbr the gate
electrode has shown advantages regarding the integration of thETs on rigid and exible
substrates. On the other hand, the 7-nm thick Ti layer is likely oxidied prior the gate
contact opening, leading to a high resistance contact between baaverter block. Another
issue is related to the design of the available photolithography masétsas via connections
between each inverter block do not follow a standard design rule;ef are smaller than
the connections for contacting the electrodes or the ones emmdyin the inverter circuits.
This fact causes instabilities during the fabrication, especially durinthe development of
the photoresist and during the etching processes.

168



Sensor Technology Department Ring Oscillators 5.2

VOUT V)

Time (s)

Figure 5.12: Ouput voltage of a ZnO nanoparticle ring oscilator on rigid substrate (oxidized Si
wafer) employing inverted staggered inverters (load TFT:L =5 m, W =250 m;
active TFT: L =3 m, W = 1000 m). The circuit consists of 5 inverter blocks
in the oscillation chain and one output buer (load TFT: L =5 m, W =250 m;
active TFT: L =3 m, W =1000 m).

Further experiments were performed using silver as the gate elexde material, thus
avoiding the highly resistive TiQ, at the via connections. This material (Ag) was chosen
because it depicts adequate selectivity during the etching procesfsthe highk resin used
as the gate dielectric. However, due to etching issues and to localdation of the gate
electrodes, the deposition quality of the gate insulator was de cienFor this reason, the
transistors integrated using this approach displayed low breakdowoltages. The transfer
characteristics of an inverted staggered TFT employing Ag as theatg contact material
is shown in Figure 5.13.

Ring oscillators were also integrated employing Ag-based contacts gate electrode.
Nonetheless, due to instabilities (oxidation e ect) on the gate mat@l, the achievement
of a stable operating oscillator was troublesome. Faster circuits ieachieved; however,
as a result of the gate dielectric breakdown, they oscillated at highé&requencies for a
short period, unavailing the collection of the data. Figure 5.14 showvise results of a ring
oscillator with Ag-gate contacts. A propagation time of 0.02s couldéextracted for a
single inverter circuit due to the presence of a low-performance ewer in the oscillation
chain, which enabled the collection of the data before the breakdow Nevertheless, it
is possible to observe sharp edges on the output voltage during thscillation; this indi-
cates a satisfactory coupling between the oscillating chain and thetput inverter driver
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Figure 5.13: Transfer characteristics of a ZnO nanoparticc TFT on rigid substrate (oxidized
Si wafer) applying an inverted staggered setup and Ag-basedate electrode. Due
to issues (oxidation and defects) on the gate electrode, a diectric low breakdown
voltage as well as high leakage currents were observed. Foavd sweep: solid /
backward: open.
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Figure 5.14: Ouput voltage of a ZnO nanoparticle ring oscilator on rigid substrate (oxidized Si
wafer) employing inverted staggered inverters (load TFT:L =5 m, W =500 m;
active TFT: L =3 m, W = 1000 m) and Ag-based gate contacts. The circuit
consists of 5 inverter blocks in the oscillation chain and oe output bu er (load
TFT: L=5 m, W =500 m; active TFT: L =3 m, W =1000 m).
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(bu er). By considering the edges of the output voltage (rise andall times), frequen-

cies of around 1kHz to 1.5kHz could be estimated in the case of prop& connections.

Notwithstanding, considering both, a reliable gate electrode and @per connections be-
tween the inverters, much higher frequencies>(MHz) are expected. The wet-etching of
the TiO, after the opening of the vias exhibited low selectivity to the highk resin. Fur-

ther approaches using gold-based electrodes were consideremyever, their patterning

by lift-o technique resulted in sharp edges, and therefore high ¢exleakage currents were
reported [Pan06]. Etching of gold is being investigated, although thehemicals needed
may damage the PET substrate. Another technique to be evaluatds the employment

of a backside photolithographic step using the Al-based gate elemtie as a mask and
applying a structured protective Au layer, as discussed in-depth iSection 6.1.
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CHAPTERD

IMPROVEMENTS

In this chapter, approaches to improve the TFTs and the electracs circuits presented
in this dissertation are evaluated and analyzed. The main aspectsnsidered are the
performance enhancement through the reduction of parasitic gacitances and the pat-
terning of the semiconducting layer by a backside exposure photbidgraphic step. Con-
jointly, a complementary design for the inverter circuits employing @0-based TFTs in

the pull-down network and organic-based TFTs in the pull-up netwdxis evaluated. A fur-

ther improvement related to mass-production compatibility of the itegration process was
tested: the use of doctor blade technique as a deposition methad the ZnO nanopatrticle

dispersion.

6.1 Self-Alignment Processes: Reduction of Parasitic
Capacitances and Cross-Talk

Parasitic capacitances are one of the limiting aspects in microeleatics, as they are
responsible for the reduction of the cut-o frequency and for th increase of power dissi-
pation in circuits [RCNO3]. As discussed in Section 5.2, the low frequgndepicted by the
ring oscillator when employing the TFTs integrated in this study was pmary related to
the interconnections between inverters and to parasitic capacitaes. The latter has its
main origin in the capacitive coupling between the wiring and its surroutings, as well as
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Figure 6.1: Cross-sections of a conventional (a) and a seditigned (b) TFTs depicting the reduc-
tion of the overlapping areas.

in the non-active capacitances of the transistors [RCNO03]. Consiittey the development
of the Si-based technology, one of the core issues was the ovguilagp area between the
drain/source and gate electrodes, which was drastically reduceg the implementation

of self-alignment processes [Hil14]. Analogously, the reduction ofrasitic capacitances
can be applied on TFTs by making use of the transparency of the sstbate to perform

such proces®. Figure 6.1 allows a comparison between a conventional and a selfadid

transistor.

The fundamentals of this approach were developed in 1964 by Klaseand Koelmans
[KK64], who reported a backside exposure process for Shlased transistors. This
method reduces the overlapping areas between the drain/souraed gate electrodes re-
quired for the mask alignment during photolithographic processe3he primary requisite
for this technique is that the substrate and gate dielectric materla must be transparent
to the exposure lamp irradiation spectra employed in the photolithagphy. After the
structuration of the gate electrodes and dielectrié (Figure 6.2a), a positive photoresist is
applied and exposed from the backside of the sample through a pbwtask (Figure 6.2b).
Subsequent to the developing process, the drain and source mntleis deposited (Fig-
ure 6.2c) and structured using lift-o technique (Figure 6.2d). Findly, the deposition of
the semiconducting material on the sample is performed (Figure 6)2d&orosilicate glass
wafers were primary used for the evaluation of the self-alignmentqxess feasibility. Fig-
ure 6.3 depicts the sample with minor overlapping areas between theoh/source and gate
electrodes. For the reduction of the overlaps, the exposure tingeiring the photolithog-
raphy should be adapted; however, e ects as light di raction dued nonhomogeneous

31 The development of the self-alignment processes for the structation of TFTs was performed in
cooperation with Thorsten Meyers at the Paderborn University. The processes were partially published
in [13], [20] and [23].

82 To simplify, the via connections are not shown in Figure 6.2; howevertheir structuration can be
observed in Figure 3.14 from Section 3.6.1.
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Figure 6.2: Self-alignment process for TFTs employing tragparent substrates.

layers, presence of scattering centers caused by the incorgedaTiO, nanoparticles in
the high-k resin, and deposition defects should be considered.

Conjointly, following a similar procedure, the patterning of the semanducting layer can
be arranged in order to reduce cross-talking e ects between adgnt TFTs. Therefore,
after the integration of the drain and source electrodes (Figure4a), a negative photoresist
is applied on the template and exposed from the backside of the sdmFigure 6.4b).
The semiconductor material is deposited (Figure 6.4c) and struated by lift-o technique
(Figure 6.4d). An optical microscope image of the patterned ZnO lay on a self-aligned
TFT is shown in Figure 6.5.

First experiments were focused on the evaluation of the entire salignment process for
the integration of operating TFTs. Therefore, the transistors wre tested after each step
of their fabrication. In order to enable the measurement of the TFs prior to the struc-
turation of the semiconducting layer, the UV irradiation and the highhumidity treatment
were performed in the presence of the photoresist, despite thesgible interference of the
organic compound in the ZnO nanoparticles network. Indeed, a sliglariation on the Vo
was observed and values of approximately 1V were extracted, dwn in the electrical
characteristics of the self-aligned TFT (Figure 6.6). Further insthilities can be related to
the larger active area W L) of the transistor. Nevertheless, the TFTs present similar
characteristics to the previously conventionally integrated devise A eld-e ect mobility
inthe range of 1 2cm?V s 1, Ion=loer ratio of about 1 and a subthreshold swing of
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Figure 6.3: Confocal laser microscope image of a self-aligd TFT on a borosilicate glass sub-
strate depicting the transistor's length (green), as well & the transistor's length and

overlapping regions (red).

a .
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Figure 6.4: Integration process for a self-alignment struturation of the semiconducting layer.

Draimn

Figure 6.5: Optical microscope image of a patterned ZnO layeon a self-aligned TFT.
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Figure 6.6: Transfer (a) and output (b) characteristics of a self-aligned ZnO nanoparticle TFT
on glass substrate.

0:6 V=dec were extracted. After the lift-o process in acetone, the &msistors were stored
under ambient conditions for 12 h to allow for the vaporization of thesolvent from the
nanoparticulated layer. Figure 6.7a depicts the transfer charaetistics of such transistor;
it is possible to observe a strong degradation of the drain currenseribed to the adsorp-
tion of O, molecules by the ZnO. Therefore, the UV irradiation and the high huidity
treatment were repeated; the transfer characteristics are @lwn in Figure 6.7b. Despite
the drain current increase, it did not achieve the same level obtaiderior to the lift-o
process. Possible reasons are the mechanical stress su eredhgynanoparticles during
the ultrasonic bath (lift-o ), and acetone contamination on the seniconducting Im (the
acetone was not washed out, just vaporized at room temperag)rprior to the stabiliza-
tion treatment. Besides the issues encountered during the traastr characterization, the
concept of the process is adequate for transparent electronics

The self-alignment process without the structuration of the semimducting layer was
also evaluated on freestanding exible substrates. The result, pieted in Figure 6.8, is
similar to the ones obtained on the borosilicate glass sample (Figure 6.3t should be
noted, however, that the backside exposure time must be adafdtas a function of the
higher light absorption of the PET substrate. The transfer and otput characteristics
of the transistor are shown in Figure 6.9. The turn-on voltage is si&d to lower values
(Mon = 0:5V) and the contrast with the values extracted for TFT integrated on the glass
sample can be attributed to the absence of the photoresist duririge nanoparticle stabi-
lization treatment. Notwithstanding, operating self-aligned transtors were successfully

177



6 Improvements Paderborn University

107 " T " T " 10*3 " T " T
JVv,=5v {V,=5V .
1073 L =100 um, W = 1000 pm 3 10°] L =100 pm, W = 1000 um
10'6'% = |, (Forward) N i = I, (Forward) 3
107_: * 1, (Backward) ] 10°4 - |, (Backward)
< 10°% i T 107
° 10°] 7 1T - E /
/ 10°3 L
104 3 ] FoF ]
10—11 i\:‘ h 109 ?\:‘IJ; -§
1012 E T T T T T 1010 ] T T T T T
-5 0 5 1C -5 0 5 1C
V. (V) Ve (V)
() (b)

Figure 6.7: Transfer characteristics of the self-aligned AO nanoparticle TFT (a) after the semi-
conducting layer structuration and (b) after the repeat of the UV irradiation and
high humidity treatment.
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Figure 6.8: Optical microscope image of a self-aligned TFT o a PET substrate depicting the
transistor's length (green), as well as the transistor's legth and overlapping regions
(red).
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Figure 6.9: Transfer (a) and output (b) characteristics of a self-aligned ZnO nanoparticle TFT
on freestanding PET substrate.

fabricated on freestanding exible substrates, indicating the p@ntial of this integration
process for transparent and exible technologies.

Further adaptations to the self-alignment process are under csideration. For the
integration of inverted staggered setups, the backside exposwhould be performed after
the deposition of the active semiconducting layer. Nonetheless,alto the UV-absorption
character of the ZnO and to the di raction e ect caused by the naoparticulated Im,
the exposure time must also be adjusted. Another improvement the TFT structuration
can be performed by employing similar self-alignment processes te tteposition of an
etching-free protective layer for the gate electrodes. There& after their integration, a
negative photoresist should be applied and structured by the bagikle exposure step. In
this manner, a thin protective layer (of a few nanometers) with higlconductivity and
stable to the chemicals used during the via connection opening can teposited and
structured by lift-o technique.

6.2 Complementary TFT Design

Albeit the high performance, the large power consumption of the N®IS technology was
one of the reasons for the employment of a complementary desigmn MOSFETs. This
complementary design leads to reduced static power consumptiaomhich is crucial for
very-large-scale integration (VLSI) [RCNO3]. Such concept caitsa be applied to the TFT
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Figure 6.10: ZnO-based inverter circuit current as function of the input voltage.

technology. The TFT-based inverters presented in Section 5.1 wedesigned applying a
load transistor in the pull-up network. Hence, the power consumjan when both (active
and load) TFTs are conducting is high. Figure 6.10 depicts the currerow through the
Zn0O-based inverter during the measurement of the voltage trafes characteristics.

In order to optimize the power consumption and to improve the low ahhigh levels of
the inverter, a complementary design, using tha-type ZnO-based TFT in the pull-down
network and ap-type Cg{BTBT-based TFT in the pull-up network 33, was evaluated. The
design di erence between a single-type technology and a complern@ey one is shown in
Figure 6.11. Due to the requirements of the organic semiconductingaterial [Sirl4, BLO7],
the TFTs were integrated using Au as drain and source contactsyen though it causes
the leakage current of the inorganic-based transistor to increagWoll11].

The organic-based TFTs, employing &{BTBT, were integrated using the processing
described in [2]. The use of the solution-based organic semicondugtmaterial is aligned
with the application of the ZnO nanopatrticle dispersion; hence, botkransistors types
are compatible with mass production, as well as with the integrationrofreestanding
exible substrates. The transfer and output characteristics o Cg{BTBT-based TFT
are depicted in Figure 6.12. TheVoy is approximately 0:7V, lon=lorr ratio in the
range of 10, and = and S are around 03cn?V s ! and 05 V=dec, respectively. The
characteristics related to a ZnO-based TFT with Au drain/source entacts are shown in

33 The development of the complementary inverter was performed in goperation with Thorsten Meyers
at the Paderborn University. The results were partially published in [17].
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Figure 6.11: Schematic inverter circuit employing (a) a simgle-type technology and (b) a com-
plementary design.
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Figure 6.12: Transfer (a) and output (b) characteristics of an inverted coplanar Gg{BTBT-
based TFT on a rigid substrate with Au as drain and source eletrodes material.
The inset depicts the cross-section of the TFT. Measurementdata provided by
Thorsten Meyers from the Paderborn University Germany.

Figure 6.13, aVon Of 1V, lon=loee Of around 1@, = of about 6cn?V s ! and S of
1 V=dec were extracted.

By interconnecting both types of TFTs, a complementary circuit isdrmed, as depicted
in Figure 6.11b. The voltage transfer characteristics of the comphentary inverter is
shown in Figure 6.14. As a consequence of the dierent current léseas well as of
the relative high leakage current of the ZnO-based TFT in the o -site, the high-level
(when Vyy is low) of the output voltage is lower than the supply voltage. Nonetkess, a
voltage swing of about 80% was achieved in the complementary invartand peak gains
of around 10 were observed. Similar to the ZnO-based invertersepented in Section 5.1,
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Figure 6.13: Transfer (a) and output (b) characteristics of an inverted coplanar ZnO-based TFT
on a rigid substrate with Au as drain and source electrodes m&rial. The inset
depicts the cross-section of the TFT.
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Figure 6.14: Voltage transfer characteristics of a complemntary TFT inverter circuit employing

ZnO (n-type) and Cg{BTBT ( p-type) as semiconducting materials. The bottom
graph depicts the gain in dependence on the input voltage.
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Figure 6.15: Inverter current versus input voltage of the conplementary TFT inverter circuit
employing ZnO (n-type) and Cg{BTBT ( p-type) as semiconducting materials.

this inverter also depicted a slight shift of the operation point depating on the scanning
direction of the input voltage.

As expected in the case of complementary design, the current aWwrough the inverter
circuit is reduced in comparison to the single-type technology, asashn in Figure 6.15.
However, due to the aforementioned di erence in the current leligeand to leakage currents,
the high level does not reach the supply voltage; this e ect also ireases the current ow
across the circuits at low input voltages. On-going researchesrfrdhe Sensor Technology
Department at the Paderborn University are focused on the pexfmance improvement of
complementary circuits employing in(organic)-based TFTs.

6.3 Doctor Blade Deposition

Deposition techniques as roll-to-roll have been employed for ceries by the printed media
for mass production of newspapers, for instance. The TFT techlogy can pro t from this

know-how, enabling the fabrication of continuous devices on exiblgubstrates. Among
the diverse methods to achieve a layer with homogeneous and coliable thickness, the
doctor blade technique is one of the most applied. Aiming at the evaltian of an alterna-
tive technique for the deposition of the active semiconducting laydZnO nanoparticles),

183



6 Improvements Paderborn University

10-3 T T T T T T T T T 50 T T T T T T T
V,=5V Vo=-1Vto7V,steplV
10%4 L=5 pm, W =500 pum 40d L=5 um W=500 ym T .
= |, (Forward) =,
10°4 = |_(Backward) E
0 D ( ) .-.. 30_ ..l ............................. Ll
—~ 6 _J -'-. = < :
S / -"/ El 201 i
£ 107_ ._-'. ._'. ] _o
108_>?J:- i
109 I I I I ! ! - : : : ll:llllTllll:llll:llll:lll : .==?====?====1’
-5.0 -2.5 0.0 2.5 5.0 7. 0 1 2 3 4 5 6 7
Ve (V) Vi (V)
(a) (b)

Figure 6.16: Transfer (a) and output (b) characteristics of an inverted coplanar ZnO-based TFT
on a rigid substrate employing doctor blade technique for tke deposition of the
active semiconducting layer. The inset depicts the crossextion of the TFT.

doctor blade was employed on inverted coplanar TFTs with the higk-nanocomposite as
gate dielectric and aluminum as drain and source electrodes.

After the integration of the TFT template, the dispersion containirg the ZnO nanopar-
ticles was deposited, employing a glass microscope slide as tool tashiee solution onto
the sample. The solid content of the dispersion was around 15 wt%get linear translating
speed of the doctor blade was approximately 50ns * and the process was performed un-
der ambient conditions. After the deposition of the active semicondting layer, the UV
irradiation and the high humidity treatment were performed, as desibed in Section 4.2.
The transfer and output characteristics are depicted in Figure 661 A Vo of around
0V, ge of about 25cn?V s ! Ion=logr ratio in the range of 18 and S of 0.6 V=dec
were extracted. It was observed that the transistor charactistics and metrics did not
signi cantly change when either spin- or spray-coating, or doctoblade techniques were
used for the deposition of the semiconducting material, despite thénherent di erences.
This result highlights the robustness of the developed integrationrpcess, even applying
low-temperature and cost-e cient techniques.

While the doctor blade technique has indeed shown encouraging fésufurther studies
are required to ascertain improvements. The hysteretic behavian the transfer curve
as well as the increased gate leakage current depicted by somensiators indicate that
the mechanical stress endured by the template causes instabilitizs the TFT opera-
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tion. Additionally, because the drain and source electrodes (invexd coplanar setup)

are already structured when the doctor blade technique is perfoed, the direction of

the linear translation may in uence the orientation of the ZnO nanoprticles (specially

for non-spherical shaped nanostructures), hence the perfmnce of the device. Further
aspects related to the Im, e.g. its thickness and the distribution of the nanoparticles,
are strongly dependent on parameters such as speed of the pss; solid content in the
dispersion, evaporation characteristics of the solution, ambienbuditions, and surface
properties of the template [YJ10, SHK13, DSBM14]. Therefore, aedp investigation of
the process is required. Conjointly, in order to avoid the depositioanto already struc-

tured electrodes (drain and source), the employment of invertestaggered setups should
also be considered.
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CHAPTER/

CONCLUSION AND FUTURE PERSPECTIVES

In this dissertation, the integration process of ZnO-based thinim transistors on exible
substrates was discussed and analyzed. The techniques employede strictly selected
aiming at a low-cost production and compatibility with exible substrates. In order
to achieve these goals, solution-based processes were primargliad. Therefore, ZnO
precursors and dispersions containing ZnO nanoparticles were leedged as active semi-
conducting materials. Due to promising characteristics and compghtlity with the entire
transistor integration process, the investigation was focused ¢ine use of the nanopartic-
ulated ZnO as active semiconducting layer.

ZnO nanoparticle TFTs using poly(4-vynilphenol) (PVP) as gate dielddc were in-
tegrated rstly in inverted staggered setups, aiming at an improve performance due to
their optimized carrier injection into the semiconducting layer. Noneless, a pronounced
hysteresis was observed in the TFT transfer characteristics, wteby its value depends
on the substrate temperature during characterization. The mairtauses for this e ect
were ascribed to dipoles present in the dielectric layer originated from an incomplete
crosslinking reaction of the polymeric dielectric and to traps located at the semiconduc-
tor interface. These two instability mechanisms depict di erent terperature dependences
and lead to the observed change in the hysteretic behavior as a €tion of the tempera-
ture. In order to isolate the main mechanisms responsible for theaimsistor instabilities,
the PVP gate dielectric was replaced by a higk-resin lled with TiO , nanoparticles.
Using this material, the hysteretic behavior in the transfer charderistics of the TFTs
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is signi cantly reduced. Moreover, due to its higher permittivity, animproved capacitive
coupling was observed, lowering the operating voltage of the devidd¢onetheless, degra-
dation over time was noted in these transistors. This aging e ect vgaattributed to the
high defect density at the nanoparticle surface either related tdhe large surface area of
nanocompounds which allows for a signi cant interaction between the semiconductor
and the ambient air  or to the chemical stress caused by the processing of the vias and
of the drain/source electrodes. For this reason, an inverted depar setup was applied.
In this way, the semiconductor material deposition is the last stepf the integration of
the transistor; hence it does not su er from any chemical and plsycal stress during fur-
ther integration processes. Conjointly, taking advantage of thisetup, diverse dispersions
containing ZnO nanostructures were evaluated as active semicaiotbr. Moreover, by
photoluminescence spectrum analysis, they were characterizeddi erence in the deep
level emission was observed, which is generally attributed to the def density in ZnO
compounds. Thus, the nanoparticle dispersion with a low defect daty and adequate
dispersion properties (low agglomeration and sedimentation over tawas selected as
the active semiconducting material.

Metal-oxide compounds are known for interacting with the ambientig this interaction
should be avoided when using such compounds as active materials ircwitr elements,
as device instability may occur. The elements primarily responsible féie variation in
the charge carrier concentration in ZnO nanostructures are oggn and water molecules,
which are adsorbed and desorbed from the nanoparticle surfaeelucing the Im conduc-
tivity. Oxygen is reported to capture free charge carriers fromO depleting its surface,
while water molecules desorb the trapped oxygen increasing the ap@carrier concentra-
tion in the material and improving its conductivity. This e ect, however, saturates, as
observed during the electrical characterization of the integrateTFT. By employing an
UV-irradiation step to assist the desorption of oxygen prior to a hig-humidity storage
condition, which causes the stabilization of the nanoparticulated Imminor degradation
over time was observed.

After the main instability mechanisms in the ZnO nanoparticles TFTs wee identi-
ed and minimized, which was performed on rigid templates and withoua substantial
increase of production costs, the transferring of the integratioprocess to freestanding
polymeric substrates was initiated. After the successful integiian of TFTs on freestand-
ing PET templates employing multiple photomasks and structuration omultiple layers
with satisfactory resolution (around 1 m), the transistor performance was improved by
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applying inverted staggered structures. This setup provides a tber contact quality be-
tween the drain and source electrodes and the active semicondarct This improvement
is attributed to the integration order of the electrodes. As the dain and source material
is deposited on top of the semiconducting Im, the electrodes follovh¢ roughness and
imperfections of the nanoparticulated Im increasing the e ective ontact area. The re-
sults, i.e. transistors' metrics, achieved using this setup on rigid and on PETubstrates
are among the best reported for nanoparticle-based TFTs, evémough the devices were
fabricated applying only low-temperatures and cost-e cient proesses compatible with
mass production and exible electronics. Moreover, they are corable to transistors
integrated by high-cost processes or using expensive metal-ogid®mpounds as well as
high temperature annealing steps.

Random telegraph signals (RTS) were observed in the ZnO nanopaleé TFTs. The
current level uctuations were ascribed to active traps locatedtacurrent paths formed by
the nanoparticle network. Depending on the trap state occupied or empty the current
level shifts to a lower or a higher state, respectively. Furthermer when multiple traps
are active, it is possible to discern di erent current levels and eacme can be associated
to a particular active trap. The study of trap activity in nanoparticulated Ims is an
attractive way to investigate reliability aspects of these cost-e ¢ent transistors.

Subsequent to the analyses of the transistors, their application electronic circuits was
evaluated. Therefore, inverter circuits employing a load-transist in the pull-up network
and an active-transistor in the pull-down network were fabricated The performance of
such inverters was analyzed considering the in uence of the TFT tsp as well as of the
substrate used (rigid or exible). The inverters were characteread evaluating the depen-
dence on the inverter geometric ratio and the supply voltage. Thelyave depicted high
V=V gains and adequate switching point characteristics. Further evadtions were focused
on the dynamic behavior of such circuits; therefore, ring oscillaterwere fabricated. Al-
though the encouraging electrical performance exhibited by thenD-based inverters, the
frequency of the ring oscillators are relative low. This outcome wasamly ascribed to
the high resistive contact between the inverters, thus approaeh to improve the coupling
between circuit blocks were proposed.

Finally, improvements regarding circuit design as well as the integran process were
addressed. By an adaptation of the photolithography, a self-aligrent process was dis-
cussed in order to reduce drastically the overlapping areas betmethe gate and the
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drain/source electrodes, which decreases parasitic capacitamae the circuit. Conjointly,
by the employment of a similar process, the cross-talk e ect can beinimized through
the patterning of the semiconducting layer. Additionally, a complem#ary design for the
TFT technology was also proposed; due to the issues regarding tiehievement of soluble
low-costp-type metal oxides, organic-based TFTs were combined to the ZAfased TFTs
for the characterization of a complementary technology. Moreex;, in order to evaluate
another cost-e cient mass-production method, the doctor blad technique was evaluated
for the deposition of the active semiconductor.

Summing up, the main goal of this dissertation was achieved; thin- Intransistors
and electronic circuits were integrated on exible and transparensubstrates using low-
temperature and cost-e cient processes. The fabricated dews depict encouraging elec-
trical characteristics; thus, they are suitable for more complexiectronic systems. Nev-
ertheless, the path for the development of products using this denology is long and
arduous; however, it inspires ambition and fascination. Therefaren the upcoming sec-
tion, some approaches and requisites are addressed for futueeaarches.

7.1 Future Perspectives

Flexible and transparent electronic products are already available the market; this study
has given insights on cost-e cient devices on polymeric substratée be implemented in
this technology. The following discussion is focused on some futuergpectives, especially
regarding the TFTs developed here; nonetheless, some aspedtthe entire technology
are also addressed.

Even though the chosen materials and processes are essentialtlie achievement of
the TFT integration for exible electronics, bending tests are alsoequired to evaluate
the e ects of the mechanical deformation on the device's perfoance. To determine the
in uence of compressive or tensile strain on the electrical propées of TFTs, a systematic
change of the bending radius during the electrical characterizatichas to be performed.
Since the active semiconductor Im is formed by nanoparticles, it is @ected that the
mechanical deformation caused by bending will be released throuthie nanoparticle net-
work [JPCKQ9], whereby the main transistor's characteristics will nobe signi cantly
a ected. In general, compressive and tensile strain cause revbls variations in the chan-
nel conductivity until a critical bending radius is reached. After ths point, the device
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is damaged, originating cracks in the dielectric layer and delaminatiorf the electrodes
[SKIT 05, SNJ 10]. An enhancement of the exibility property can be achieved by dier

reducing the substrate thickness or encapsulating the TFTs in a sdwich construction

between a sealant and the substrate [SKD5]. Recently, Sekitaniet al. presented a low-
voltage organic transistor fabricated on a I8 m thick polymeric substrate covered with
an encapsulation stack. The device operated without degradatiewven at a bending radius
of 100 m [SZKS10]. In addition, the gate dielectric in uences the device penrfmance, as
the induced strain modi es the capacitances of the dielectric due thanges in the layers
thickness (Poisson-e ect) and permittivity.

Further investigations concerning the electrical characteristicef the ZnO-based tran-
sistors should be carried out. Therefore, statistical analyses thie TFTs are required for
a mathematical modeling. The model should cover most of the trastor non-ideality
e ects, such as the behavior of the metal-semiconductor contact the drain and source
electrodes, the conduction based on percolation paths, the etscof trap activity, the
device variability and the in uence of the ambient air. Conjointly, thedynamic character-
ization of the TFTs and inverters using ring oscillator circuits is also aancern. In order
to enhance the contact between the circuit blocks, the via conrteans must be improved.
This can be achieved, for instance, by employing gold-based gatete@ts or by depositing
a conductive protection layer on top of the electrodes.

Moreover, the in uence of the parasitic capacitances on the eleohic circuits should
also be the focus of future researches. Self-alignment systemisich mitigate such e ects,
should be further evaluated. In the Sensor Technology Departmeof the Paderborn
University, a new photomask set is being developed in a way to availglevaluation of the
bene ts of self-alignment processes to the electrical perfornamn of the devices, as well
as a direct comparison between such devices and conventional e a single sample.
Figure 7.1 depicts an example of the designed structures, in whichiag oscillator with
5 inverters stages and an output driver is shown. Additionally to theomparison of self-
aligned and conventional circuits, the fabrication of a complememnta technology is also
covered in the new photomask design; it is currently being reseaechin the department.

As brie y discussed, the doctor blade technique depicts encouiag results concerning
its employment in a later mass-production fabrication. An in-deep irestigation and anal-
ysis of its parameters for the deposition of solutions is required. Aitionally, depending
on the material chosen for the electrodeg,g. a gold nanoparticles dispersion [WLO05],
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() (b)

Figure 7.1: Example of ring oscillator designs for the diret comparison of (a) self-aligned and
(b) conventional circuits. The design was developed in Virtoso Layout Suite XL
from Cadence .

the integration of a fully solution-based device is possible. Aligned witine doctor blade
technique, fully printed devices should also be considered, althouggsolution and device
performance reductions are expected. Nevertheless, inkjeth@ology with subfemtoliter
accuracy has also shown some promising characteristics [SNZ].

Improvements addressing the transistor transparency may aldme taken in account.
Therefore, the employment of, for instance, ITO or aluminum domkZnO as electrodes
materials could be evaluated. The current density on these matelsaas well as adaptations
on the self-alignment process should be analyzed. Another appebas the application of
a pulsed-laser technique on a single layer of ZnO nanoparticles foettrain and source
areas formation [PMK' 09, LPK* 12]; the D/S electrodes would be these annealed high
conductive ZnO regions of the layer, hence transparent. Nevkeless, damage to the gate
dielectric and an increase of the leakage currents may occur.

Considering the semiconducting layer, along with the analyses of ti@p activity in
the Im, the improvement of nanoparticle connections and the redttion of their de-
fect density are also required. The employment of acetate-basdO precursor on the
nanoparticulated ZnO has shown some interesting results; howeveue to the applied
low temperatures, a partial decomposition of the Zn salt was obsed. The use of a
mixture of the ZnO nanoparticle dispersion with the nitrate-based ggcursor should be
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investigated, as this compound requires a lower synthesis temptenr@. Nonetheless, the
sensitivity of the highk nanocomposite applied as gate dielectric may impose limitations.
Also, the development and application of a passivation layer to increa the life-time of
the devices is necessary, although it may increase the fabricatiarsts.

For the structuration of the transistors and electronic circuits pesented in this study,
conventional contact lithography was used; however, this teclyue is not suitable to
continuous substrates. The application of a photolithographic stem directly employed
in a roll-to-roll process [LLPK16] is expected to solve such limitationral to enable the
fabrication of the devices on a continuous substrate for mass piection.

After the addressing of the aforementioned aspects, more cde electronic circuits,
such as NAND, NOR and XOR digital gates, should be implemented in eigh single type
or complementary technology employing self-aligned and conventairstructures. Addi-
tionally, the evaluation of an arithmetic logic unit (ALU) should be one & the priorities
subsequent to the evaluation of simple combinational circuits.

In the middle of 2016, an interesting roadmap [LRV16] considering the main aspects
and issues of oxide electronic materials and interfaces was publishiyda cooperation of
several research groups around the world. Aspects regardirgetemployment of metal-
oxide compounds in nanoscale form and their composition were adsked, and insights
on the requirements and issues of this promising technology wereegivin diverse elds
of application. This con rms the relevancy of this study as well as ots continuance.
Conjointly, the Solid-State Circuit Society from IEEE has published ints 50" anniver-
sary magazine edition [Mas16], the evolution of the microelectronicctenology over the
last decades, indicating the emergence of hybrid systems to impeomot only the device
performance but also the user interactivity.

193






BIBLIOGRAPHY

[3M97]

[ABBDO3]

[ABD* 95]

[AKZ*12]

[ARL* 99]

[BAL94]

3M: Datasheet:. CG3700Maplewood, MN, US, 1997

Asenov , A.; Balasubramaniam , R.; Brown , A. R.; Davies, J. H.:
RTS amplitudes in decananometer MOSFETs: 3-D simulation study. In
IEEE Transactions on Electron Devices50 (2003), no. 3, pp. 839{845.
http://dx.doi.org/10.1109/TED.2003.811418

Ataev , B. M.; Bagamadova , A. M.; Djabrailov , A. M.; Mamedov ,
V. V.; Rabadanov , R. A.: Highly conductive and transparent Ga-doped
epitaxial ZnO Ims on sapphire by CVD. In: Thin Solid Films 260 (1995),
no. 1, pp. 19{20. http://dx.doi.org/10.1016/0040-6090(94)09485-3

Ante , F.; Kalblein , D.; Zaki, T.; Zschieschang , U.; Takimiya , K.;
Ikeda , M.; Sekitani , T.; Someya, T.; Burghartz , J. N.; Kern , K;
Klauk , H.: Contact resistance and megahertz operation of aggressively
scaled organic transistors. In:Small (Weinheim an der Bergstrasse, Ger-
many) 8 (2012), no. 1, pp. 73{79. http://dx.doi.org/10.1002/smll.
201101677

Albrecht , J. D.; Ruden, P. P.; Limpijumnong , S.; Lambrecht , W.
R. L.; Brennan , K. F.: High eld electron transport properties of bulk
ZnO. In: Journal of Applied Physics86 (1999), no. 12, pp. 6864http://
dx.doi.org/10.1063/1.371764

Benard , P.; Auffr edic, J. P.; Louer, D.: A study of the thermal
decomposition of ammine zinc hydroxide nitrates. In:Thermochimica

195



Bibliography

Paderborn University

[BJ6S]

[BLO7]

[BMHS10]

[BMSS08]

[BPG* 09]

[BPM* 06]

[BPS06]

[BSTS12]

196

Acta 232 (1994), no. 1, pp. 65{76.http://dx.doi.org/10.1016/0040-
6031(94)80046-4

Boesen, G. F.; Jacobs , J. E.: ZnO eld-e ect transistor. In: Proceedings
of the IEEE 56 (1968), no. 11, pp. 2094{2095http://dx.doi.org/10.
1109/PROC.1968.6813

Bao, Z.; Locklin , J. J.: Optical science and engineeringvol. 128: Or-
ganic eld-e ect transistors. Boca Raton, FL, US : CRC, 2007. { ISBN
0{8493{8080{4

Bubel , S.; Mechau , N.; Hahn, H.; Schmechel , R.: Trap states and
space charge limited current in dispersion processed zinc oxide thims.
In: Journal of Applied Physics108 (2010), no. 12, pp. 124502nttp://
dx.doi.org/10.1063/1.3524184

Benson, N.; Melzer , C.; Schmechel , R.; Seggern , H. v.: Electronic
states at the dielectric/semiconductor interface in organic eld eect tran-
sistors. In: physica status solidi (a)205 (2008), no. 3, pp. 475{48http://
dx.doi.org/10.1002/pssa.200723421

Barquinha , P.; Pereira , L.; Gorcaves , G.; Martins , R.; Fortu-
nato , E.: Toward high-performance amorphous GIZO TFTs. InJournal
of The Electrochemical Societyl56 (2009), no. 3, pp. H161http://dx.
doi.org/10.1149/1.3049819

Barquinha , P.; Pimentel , A.; Marques , A.; Pereira , L.; Martins
R.; Fortunato , E.: Inuence of the semiconductor thickness on the
electrical properties of transparent TFTs based on indium zinc oxé In:
Journal of Non-Crystalline Solids 352 (2006), no. 9-20, pp. 1749{1752.
http://dx.doi.org/10.1016/].jnoncrysol.2006.01.067

Bhuiyan , M. S.; Paranthaman , M.; Salama, K.. Solution-derived
textured oxide thin Ims | a review. In:  Superconductor Science and
Technology19 (2006), no. 2, pp. R1{R21 http://dx.doi.org/10.1088/
0953-2048/19/2/R01

Busch, C.; Schierning , G.; Theissmann, R.; Schmechel , R.: In-
uence of annealing atmospheres and synthetic air treatment orolsition



Sensor Technology Department Bibliography

[Buh16]

[BWd09]

[CCH* 04]

[Chi14]

[CKJI*12]

[CKMO8]

[CKY11]

[CLK* 08]

processed zinc oxide thin Im transistors. In:Journal of Applied Physics
112 (2012), no. 3, pp. 034506http://dx.doi.org/10.1063/1.4742976

Buhler Inc. : Datasheet: NanoSunguardUzwil, Swiss, 2016

Brusamarello , L.; With , G. |; da Siva , R.: Statistical RTS model
for digital circuits. In: Microelectronics Reliability 49 (2009), no. 9-11, pp.
1064{1069.http://dx.doi.org/10.1016/j.microrel.2009.06.025

Chen, F.-C.; Chu, C.-W.; He, J.; Yang, Y.; Lin, J.-L.: Organic thin-
Im transistors with nanocomposite dielectric gate insulator. In: Applied
Physics Letters85 (2004), no. 15, pp. 3295ttp://dx.doi.org/10.1063/
1.1806283

Chiu, F.-C.: A review on conduction mechanisms in dielectric Ims. In:
Advances in Materials Science and Engineering014 (2014), no. 7, pp.
1{18. http://dx.doi.org/10.1155/2014/578168

Cho, S.Y.;Kang , Y. H.; Jung, J.-Y.; Nam, S. Y.;Lim, J.; Yoon , S. C,;
Choi, D. H.; Lee, C.: Novel zinc oxide inks with zinc oxide nanopatrticles
for low-temperature, solution-processed thin- Im transistors. In: Chem-
istry of Materials 24 (2012), no. 18, pp. 3517{3524ttp://dx.doi.org/
10.1021/cm2036234

Choi, J.-H.; Khang , D.-Y.; Myoung , J.-M.: Fabrication and character-
ization of ZnO nanowire transistors with organic polymer as a dieledtr
layer. In: Solid State Communications148 (2008), no. 3-4, pp. 126{130.
http://dx.doi.org/10.1016/j.ssc.2008.07.040

Cho, E.N.; Kang , J. H.; Yun, I.: E ects of channel thickness variation on
bias stress instability of InGaZnO thin- Im transistors. In: Microelectronics
Reliability 51 (2011), no. 9-11, pp. 1792{1795http://dx.doi.org/10.
1016/j.microrel.2011.07.018

Chung, J. H.; Lee, J. Y.; Kim, H. S.;Jang, N. W.; Kim, J. H.: E ect
of thickness of ZnO active layer on ZnO-TFT's characteristics. InThin
Solid Films 516 (2008), no. 16, pp. 5597{5601http://dx.doi.org/10.
1016/j.tsf.2007.07.107

197



Bibliography

Paderborn University

[CMRNO3]

[CN15]

[Con10]

[CS08]

[CZ92]

[Deg06]

[DGD* 16]

[Die08]

[DJ27]

198

Carcia , P. F.; McLean , R. S.;Reilly , M. H.; Nunes, G.: Transparent
ZnO thin- Im transistor fabricated by rf magnetron sputtering. In: Applied
Physics Letters82 (2003), no. 7, pp. 1117http://dx.doi.org/10.1063/
1.1553997

Caironi , M.; Noh, Y.-Y.: Large area and exible electronics Weinheim,
Germany : Wiley-VCH Verlag GmbH & Co. KGaA, 2015. { ISBN 978{3{
527{33639{5. http://dx.doi.org/10.1002/9783527679973

Conley , J. F.: Instabilities in amorphous oxide semiconductor thin- Im
transistors. In: IEEE Transactions on Device and Materials Reliability
10 (2010), no. 4, pp. 460{475http://dx.doi.org/10.1109/TDMR.2010.
2069561

Cross , R.B.M.; Souza, M. M.: The e ect of gate-bias stress and temper-
ature on the performance of ZnO thin- Im transistors. In: IEEE Trans-
actions on Device and Materials Reliability8 (2008), no. 2, pp. 277{282.
http://dx.doi.org/10.1109/TDMR.2008.916307

Chen, Y.; Zhang, L.: Surface interaction model of alumina-supported
metal oxides. In: Catalysis Letters12 (1992), no. 1-3, pp. 51{62http://
dx.doi.org/10.1007/BF00767188

Degussa GmbH : Advanced Materials - Datasheet: AdNano Zinc Oxide
Hanau, Germany, 2006

Diallo , A. K.; Gaceur , M.; Dkhil , S. B.; Didane , Y.; Margeat , O.;
Ackermann , J.; Videlot-Ackermann , C.. Impact of surfactants cov-
ering ZnO nanopatrticles on solution-processed eld-e ect trangiwrs: From
dispersion state to solid state. In:Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects500 (2016), pp. 214{221.http://dx.doi.
org/10.1016/j.colsurfa.2016.04.036

Diekmann , T.: Organische Elektronik: Polymere Dielektrika efr or-
ganische Felde ekt-Transistoren mit Pentacen auf Foliengstraten Saar-
brecken, Germany : VDM Verlag, 2008. { ISBN 3{639{03061{3

Dietrich , H. G.; Johnston , J.: Equilibrium between crystalline zinc
hydroxide and aqueous solutions of ammonium hydroxide and of sontiu



Sensor Technology Department Bibliography

[DJS* 15]

[DKO7]

[DKM13]

[dLW11]

[DPHO8]

[DSBM14]

[DSZ* 15]

hydroxide. In: Journal of the American Chemical Societyl9 (1927), no. 6,
pp. 1419{1431.http://dx.doi.org/10.1021/ja01405a005

Du Ahn , B.; Jeon, H.-J.; Sheng, J.; Park , J.; Park , J.-S.. A review on
the recent developments of solution processes for oxide thin Imansistors.
In: Semiconductor Science and Technolodg30 (2015), no. 6, pp. 064001.
http://dx.doi.org/10.1088/0268-1242/30/6/064001

Dhananjay ; Krupanidhi , S. B.: Low threshold voltage ZnO thin Im
transistor with a Zng;Mgo 30 gate dielectric for transparent electronics.
In: Journal of Applied Physics101 (2007), no. 12, pp. 12371 7ttp://
dx.doi.org/10.1063/1.2748863

Desarkar , H. S.; Kumbhakar , P.; Mitra , A. K.: One-step synthesis
of Zn/ZnO hollow nanoparticles by the laser ablation in liquid technique.
In: Laser Physics Letters10 (2013), no. 5, pp. 055903http://dx.doi.
0rg/10.1088/1612-2011/10/5/055903

da Siva , R.; Lamb, L. C.; Wirth , G. I.: Collective Poisson process
with periodic rates: applications in physics from micro- to nanodevise
In: Philosophical transactions. Series A, Mathematical, phiel, and engi-
neering sciences369 (2011), no. 1935, pp. 307{32Mttp://dx.doi.org/
10.1098/rsta.2010.0258

Diekmann , T.; Pannemann , C.; Hilleringmann , U.: Dielectric layers
for organic eld e ect transistors as gate dielectric and surfacegssivation.
In: physica status solidi (a)205 (2008), no. 3, pp. 564{577http://dx.
doi.org/10.1002/pssa.200723406

Diao, Y.; Shaw, L.; Bao, Z.; Mannsfeld , S. C. B.: Morphology control
strategies for solution-processed organic semiconductor thin Bnin: En-
ergy Environ. Sci. 7 (2014), no. 7, pp. 2145{2159http://dx.doi.org/
10.1039/c4ee00688g

Ditshego , N. M. J.; Sun, K.; Zeimpekis, I.; Ashburn , P.; Planque,
M. R. R. de ; Chong , H. M. H.: E ects of surface passivation on top-down
ZnO nanowire transistors. In: Microelectronic Engineering145 (2015), pp.
91{95. http://dx.doi.org/10.1016/j.mee.2015.03.013

199



Bibliography

Paderborn University

[DTG* 13]

[dWBO06]

[EFI03]

[ETT*12]

[FBD*13]

[FBJ*09]

[FBM12]

200

Diao, Y.; Tee, B. C-K; Giri , G.; Xu, J.; Kim, D. H.; Becerril , H. A.;

Stoltenberg , R. M.; Lee, T. H.; Xue, G.; Mannsfeld , S. C. B.;Bao,

Z.. Solution coating of large-area organic semiconductor thin Ims wlit
aligned single-crystalline domains. InNature materials 12 (2013), no. 7,
pp. 665{671. http://dx.doi.org/10.1038/nmat3650

da Siva , R.; With , G. I.; Brederlow , R.: Novel analytical and
numerical approach to modeling low-frequency noise in semicondoictie-
vices. In: Physica A: Statistical Mechanics and its Application862 (2006),
no. 2, pp. 277{288.http://dx.doi.org/10.1016/j.physa.2005.11.014

Edahiro , T.; Fujimura , N.; Ito , T.: Formation of two-dimensional elec-
tron gas and the magnetotransport behavior of ZnMnO/ZnO het®struc-
ture. In: Journal of Applied Physics93 (2003), no. 10, pp. 7673ttp://
dx.doi.org/10.1063/1.1558612

Ebata , K.; Tomai, S.; Tsuruma , Y.; litsuka , T.; Matsuzaki , S.;
Yano , K.: High-mobility thin- Im transistors with polycrystalline In{Ga{

O channel fabricated by DC magnetron sputtering. In:Applied Physics
Express5 (2012), no. 1, pp. 011102ttp://dx.doi.org/10.1143/APEX.
5.011102

Faber , H.; Butz , B.; Dieker , C.; Spiecker , E.; Halik , M.: Fully

patterned low-voltage transparent metal oxide transistors deysited solely
by chemical spray pyrolysis. In:Advanced Functional Materials23 (2013),
no. 22, pp. 2828{2834http://dx.doi.org/10.1002/adfm.201202334

Faber , H.; Burkhardt , M.; Jedaa, A.; Kalblein , D.; Klauk , H.;

Halik , M.: Low-temperature solution-processed memory transistorabed
on zinc oxide nanoparticles. In:Advanced Materials21 (2009), no. 30, pp.
3099{3104.http://dx.doi.org/10.1002/adma.200900440

Fortunato , E.; Barquinha , P.; Martins , R.: Oxide semiconductor
thin- Im transistors: a review of recent advances. In:Advanced materials
(Deer eld Beach, Fla.) 24 (2012), no. 22, pp. 2945{298ttp://dx.doi.
org/10.1002/adma.201103228



Sensor Technology Department Bibliography

[FHK* 12]

[FHTM15]

[FKD * 12]

[FLO5]

[FPP* 04]

[Fral5]

[Fre38a]

[Fre38b]

Faber , H.; Hirschmann , J.; Klaumunzer , M.; Braunschweig , B.;
Peukert , W.; Halik , M.: Impact of oxygen plasma treatment on the
device performance of zinc oxide nanoparticle-based thin- Im traistors.
In: ACS applied materials & interfaces4 (2012), no. 3, pp. 1693{1696.
http://dx.doi.org/10.1021/am2018223

Faraji , S.;Hashimoto , T.; Turner , M. L.; Majewski , L. A.: Solution-
processed nanocomposite dielectrics for low voltage operated ABE In:
Organic Electronics 17 (2015), pp. 178{183. http://dx.doi.org/10.
1016/j.orgel.2014.12.010

Furuta , M.; Kawaharamura , T.; Depang Wang ; Toda , T.; Hi-
rao , T.. Electrical properties of the thin- Im transistor with an indium{
gallium{zinc oxide channel and an aluminium oxide gate dielectric stack
formed by solution-based atmospheric pressure deposition. IMEEE Elec-
tron Device Letters 33 (2012), no. 6, pp. 851{853http://dx.doi.org/
10.1109/LED.2012.2192902

Fan, Z.; Lu, J. G.: Zinc oxide nanostructures: Synthesis and properties.
In: Journal of Nanoscience and Nanotechnolody(2005), no. 10, pp. 1561{
1573. http://dx.doi.org/10.1166/jnn.2005.182

Fortunato , E.; Pimentel , A.; Pereira , L., Gorcaves , A,
Lavareda , G.; Aguas, H.; Ferreira , I.; Carvalho , C. N.; Martins ,
R.: High eld-e ect mobility zinc oxide thin Im transistors produced at
room temperature. In: Journal of Non-Crystalline Solids338-340 (2004),
pp. 806{809. http://dx.doi.org/10.1016/j.jnoncrysol.2004.03.096

Franklin , A. D.: Nanomaterials in transistors: From high-performance
to thin- Im applications. In: Science (New York, N.Y.) 349 (2015), no.
6249, pp. aab2750http://dx.doi.org/10.1126/science.aab2750

Frenkel , J.: On pre-breakdown phenomena in insulators and electronic
semi-conductors. In: Physical Review 54 (1938), no. 8, pp. 647{648.
http://dx.doi.org/10.1103/PhysRev.54.647

Frenkel , J.: On the theory of electric breakdown of dielectrics and elec-
tronic semiconductors. In:Tech. Phys. USSR5 (1938), no. 1, pp. 938

201



Bibliography

Paderborn University

[GBKOO4]

[GCBT13]

[GGKL67]

[GHPF90]

[GPF* 06]

[GPK* 15]

[GSLY05]

202

Govender , K.; Boyle , D. S.; Kenway , P. B.; O'Brien , P.: Under-
standing the factors that govern the deposition and morphologyfdhin

Ims of ZnO from aqueous solution. In:J. Mater. Chem. 14 (2004), no.
16, pp. 2575{2591 http://dx.doi.org/10.1039/B404784B

Gupta , M.; Chowdhury , F. R.; Barlage , D.; Tsui, Y. Y.: Optimiza-
tion of pulsed laser deposited ZnO thin- Im growth parameters forttin- Im
transistors (TFT) application. In: Applied Physics A110 (2013), no. 4, pp.
793{798. http://dx.doi.org/10.1007/s00339-012-7154-5

Giesekke , E. W.; Gutowsky , H. S.;Kirkov , P.; Laitinen , H. A.: A
proton magnetic resonance and electron di raction study of thehermal
decomposition of tin(IV) hydroxides. In: Inorganic Chemistry 6 (1967),
no. 7, pp. 1294{1297 http://dx.doi.org/10.1021/ic50053a005

Garnier , F.; Horowitz , G.; Peng, X.; Fichou , D.: An all-organic
\soft" thin Im transistor with very high carrier mobility. In:  Advanced
Materials 2 (1990), no. 12, pp. 592{594 http://dx.doi.org/10.1002/
adma.19900021207

Gorcaves , G.; Pimentel , A.; Fortunato , E.; Martins , R.;
Queiroz , E. L.; Bianchi , R. F.; Faria , R. M.: UV and ozone in u-
ence on the conductivity of ZnO thin Ims. In: Journal of Non-Crystalline
Solids 352 (2006), no. 9-20, pp. 1444{144Mttp://dx.doi.org/10.1016/
j.jnoncrysol.2006.02.021

Guill en, G. G.; Palma, M. M. |.; Krishnan , B.; Avellaneda , D.;
Castillo , G. A.; Roy, T. D. K.; Shaji, S.: Structure and morphologies
of ZnO nanoparticles synthesized by pulsed laser ablation in liquid: Eots
of temperature and energy uence. In:Materials Chemistry and Physics
162 (2015), pp. 561{570http://dx.doi.org/10.1016/j.matchemphys.
2015.06.030

Goldberger , J.; Sirbuly , D. J.; Law, M.; Yang, P.: ZnO nanowire
transistors. In: The journal of physical chemistry. B109 (2005), no. 1, pp.
9{14. http://dx.doi.org/10.1021/jp0452599



Sensor Technology Department Bibliography

[HFKI04]

[HFL* 11]

[HH63]

[Hil06]

[Hil14]

[Hirg5]

[HIL* 16]

[HLK * 06]

Hosono , E.; Fujihara , S.; Kimura , T.; Imai, H.: Non-basic solution
routes to prepare ZnO nanopatrticles. InJournal of Sol-Gel Science and
Technology29 (2004), no. 2, pp. 71{79http://dx.doi.org/10.1023/B:
JSST.0000023008.14883.1¢e

Huang, T.-C.; Fukuda , K.; Lo, C.-M.; Yeh, Y.-H.; Sekitani , T.;
Someya, T.; Cheng, K.-T.: Pseudo-CMOS: A design style for low-cost
and robust exible electronics. In: IEEE Transactions on Electron Devices
58 (2011), no. 1, pp. 141{150http://dx.doi.org/10.1109/TED.2010.
2088127

Hofstein , S. R.; Heiman, F. P.: The silicon insulated-gate eld-e ect
transistor. In: Proceedings of the IEEE51 (1963), no. 9, pp. 1190{1202.
http://dx.doi.org/10.1109/PROC.1963.2488

Hilleringmann , U.: Mikrosystemtechnik: Prozessschritte, Technologien,
Anwendungen 1%t. Wiesbaden, Germany : Teubner, 2006 (Lehrbuch). {
ISBN 3{8351{0003{3

Hilleringmann , U.: Silizium-Halbleitertechnologie 6". Wiesbaden,
Germany : Springer Fachmedien Wiesbaden, 2014. { ISBN 978{3{&X
1335{0. http://dx.doi.org/10.1007/978-3-8348-2085-3

Hirschwald , W. H.: Zinc oxide: An outstanding example of a binary
compound semiconductor. In:Accounts of Chemical Researcii8 (1985),
no. 8, pp. 228{234.http://dx.doi.org/10.1021/ar00116a001

Homenick , C. M.; James, R.; Lopinski , G. P.; Dunford , J.; Sun, J.;
Park , H.; Jung, Y.; Cho, G.; Malenfant , P. R. L.. Fully printed
and encapsulated SWCNT-based thin Im transistors via a combinatio of
R2R gravure and inkjet printing. In: ACS applied materials & interfaces
(2016). http://dx.doi.org/10.1021/acsami.6b06838

Hwang , D. K.; Lee, K.; Kim, J. H.; Im, S.; Park , J. H.; Kim, E.:
Comparative studies on the stability of polymer versus Si{gate dielectrics
for pentacene thin- Im transistors. In: Applied Physics Letters89 (2006),
no. 9, pp. 093507 http://dx.doi.org/10.1063/1.2345243

203



Bibliography

Paderborn University

[HMWOO]

[HNT* 04]

[HNWO3]

[Hof04]

[HOH"* 08]

[Hor04]

[HQH" 05]

[Hrul4]

204

Heineck , D. P.; McFarlane , B. R.; Wager , J. F.: Zinc tin oxide thin-
Im-transistor enhancement/depletion inverter. In: IEEE Electron Device
Letters 30 (2009), no. 5, pp. 514{516http://dx.doi.org/10.1109/LED.
2009.2017496

Hossain, F. M.; Nishii, J.; Takagi , S.; Sugihara , T.; Ohtomo , A,
Fukumura , T.; Koinuma , H.; Ohno, H.; Kawasaki , M.: Modeling of
grain boundary barrier modulation in ZnO invisible thin Im transistors.
In: Physica E: Low-dimensional Systems and Nanostructuresl (2004),
no. 2-4, pp. 911{915. http://dx.doi.org/10.1016/j.physe.2003.11.

149

Hoffman , R. L.; Norris , B. J.; Wager , J. F.: ZnO-based transparent
thin- Im transistors. In: Applied Physics Letters82 (2003), no. 5, pp. 733.
http://dx.doi.org/10.1063/1.1542677

Hoffman , R. L.: ZnO-channel thin- Im transistors: Channel mobility.
In: Journal of Applied Physics95 (2004), no. 10, pp. 5813http://dx.
doi.org/10.1063/1.1712015

Hwang , D. K.; Oh, M. S.; Hwang , J. M.; Kim, J. H.; Im, S.: Hysteresis
mechanisms of pentacene thin- Im transistors with polymer/oxide ibayer
gate dielectrics. In: Applied Physics Letters92 (2008), no. 1, pp. 013304.
http://dx.doi.org/10.1063/1.2830329

Horowitz , G.: Organic thin Im transistors: From theory to real de-
vices. In: Journal of Materials Researchl9 (2004), no. 07, pp. 1946{1962.
http://dx.doi.org/10.1557/JMR.2004.0266

Hong , R.; Qi, H.; Huang , J.; He, H.; Fan, Z.; Shao, J.: Inuence of
oxygen partial pressure on the structure and photoluminescemof direct
current reactive magnetron sputtering ZnO thin Ims. In: Thin Solid Films
473 (2005), no. 1, pp. 58{62http://dx.doi.org/10.1016/j.tsf.2004.

06.159

Hruska , J.: Stop obsessing over transistor counts: It's a terrible way
of comparing chips. In: ExtremeTech (2014). www.extremetech.com/



Sensor Technology Department Bibliography

[HWOO]

[HYC* 08]

[IEE08]

[IFN* 00]

[In015]

[Jae02]

[JDWMO5]

[Jen03]

computing/190946-stopobsessing-over-transistor-coun ts-theyre-
a-terrible-wayof-comparing-chips

Hench, L. L.; West , J. K.: The sol-gel process. In:Chemical Reviews
90 (1990), no. 1, pp. 33{72http://dx.doi.org/10.1021/cr00099a003

Hong , D.; Yerubandi , G.; Chiang , H. Q.; Spiegelberg , M. C.; Wa-
ger , J. F.: Electrical modeling of thin- Im transistors. In: Critical Re-
views in Solid State and Materials Science33 (2008), no. 2, pp. 101{132.
http://dx.doi.org/10.1080/10408430701384808

IEEE Standard for Test Methods for the Characterization of @anic
Transistors and Materials 1620: 2008. http://dx.doi.org/10.1109/
IEEEStd.2008.4696034

lwata , K.; Fons, P.; Niki, S.; Yamada, A.; Matsubara , K;
Nakahara , K.; Takasu , H.: Improvement of electrical properties
in ZnO thin Ims grown by radical source(RS)-MBE. In: phys-
ica status solidi (a) 180 (2000), no. 1, pp. 287{292. http://dx.
doi.org/10.1002/1521-396X(200007)180:1\T 1\textless2 87::AlD-
PSSA287\T1\textgreater3.0.CO;2-7

Inomat GmbH : Datasheet: InoFlex T3 Neunkirchen, Germany, 2015

Jaeger , R. C.: Modular series on solid state devicesol. 5: Introduction
to microelectronic fabrication. 2"¢. Upper Saddle River, NJ, US : Prentice
Hall and London: Pearson Education, 2002. { ISBN 0{201{44494{

Jung, T.; Dodabalapur , A.; Wenz, R.; Mohapatra , S.: Moisture
induced surface polarization in a poly(4-vinyl phenol) dielectric in anre
ganic thin- Im transistor. In: Applied Physics Letters87 (2005), no. 18,
pp. 182109.http://dx.doi.org/10.1063/1.2117629

Jensen, K. L.: Electron emission theory and its application: Fowler{
Nordheim equation and beyond. In:Journal of Vacuum Science & Tech-
nology B: Microelectronics and Nanometer Structure21 (2003), no. 4, pp.
1528. http://dx.doi.org/10.1116/1.1573664

205



Bibliography

Paderborn University

[JHM* 10]

[JLY * 07]

[JPO6]

[JPCKO9]

[JVO5]

[JVO7]

[JWK * 13]

[JWS* 08]

206

Jeong, S.;Ha, Y.-G.; Moon , J.; Facchetti , A.; Marks , T. J.. Role of
gallium doping in dramatically lowering amorphous-oxide processing tem
peratures for solution-derived indium zinc oxide thin- Im transistos. In:
Advanced materials (Deer eld Beach, Fla.)22 (2010), no. 12, pp. 1346{
1350. http://dx.doi.org/10.1002/adma.200902450

Ju, S.; Lee, K.; Yoon , M.-H.; Facchetti , A.; Marks , T. J.; Janes,
D. B.: High performance ZnO nanowire eld e ect transistors with oganic
gate nanodielectrics: E ects of metal contacts and ozone treaent. In:
Nanotechnologyl18 (2007), no. 15, pp. 155201http://dx.doi.org/10.
1088/0957-4484/18/15/155201

Jagadish , C.; Pearton , S. J.: Zinc oxide bulk, thin Ims and nanostruc-
tures: Processing, properties and applicationsAmsterdam, The Nether-
lands and London, UK : Elsevier, 2006. { ISBN 0{080{44722{8

Jun, J. H.; Park , B.; Cho, K.; Kim, S.: Flexible TFTs based on solution
processed ZnO nanoparticles. InNanotechnology20 (2009), no. 50, pp.
505201.http://dx.doi.org/10.1088/0957-4484/20/50/505201

Janotti , A.; Van de Walle, C. G. : Oxygen vacancies in ZnO. In:
Applied Physics Letters87 (2005), no. 12, pp. 122102http://dx.doi.
0rg/10.1063/1.2053360

Janotti , A.; Van de Walle, C. G. : Native point defects in ZnO.
In: Physical Review B76 (2007), no. 16.http://dx.doi.org/10.1103/
PhysRevB.76.165202

Jang, K.-S.; Wee, D.; Kim, Y. H.; Kim, J.; Ahn, T.; Ka, J.-W.; Yi,

M. H.: Surface modi cation of a polyimide gate insulator with an yttrium

oxide interlayer for aqueous-solution-processed ZnO thin- Im trasistors.
In: Langmuir : the ACS journal of surfaces and colloid29 (2013), no. 23,
pp. 7143{7150.http://dx.doi.org/10.1021/1a401356u

Jin, Y.; Wang, J.; Sun, B.; Blakesley , J. C.; Greenham , N. C.:
Solution-processed ultraviolet photodetectors based on colloidZnO
nanoparticles. In: Nano letters 8 (2008), no. 6, pp. 1649{1653http://
dx.doi.org/10.1021/nl0803702



Sensor Technology Department Bibliography

[KAO3]

[Kat9g]

[KCH* 00]

[KDS* 09]

[KGR* 10]

[KH16]

[KHL*13]

[KJJ* 08]

Kagan , C. R.; Andry , P.. Thin-Im transistors . New York, NY, US :
Marcel Dekker, 2003. { ISBN 0{824{70959{4

Katayama , M.: TFT-LCD technology. In: Thin Solid Films 341
(1999), no. 1-2, pp. 140{147. http://dx.doi.org/10.1016/S0040-
6090(98)01519-3

Ko, H. J.; Chen, Y. F.; Hong, S. K.; Wenisch , H.; Yao, T.; Look ,
D. C.: Ga-doped ZnO Ims grown on GaN templates by plasma-assisted
molecular-beam epitaxy. In:Applied Physics Letters77 (2000), no. 23, pp.
3761. http://dx.doi.org/10.1063/1.1331089

Kim, G. H.; Du Ahn , B.; Shin, H. S.; Jeong , W. H.; Kim, H. J.; Kim,
H. J.: E ect of indium compaosition ratio on solution-processed nanaygs-
talline InGaznO thin Im transistors. In: Applied Physics Letters 94
(2009), no. 23, pp. 233501http://dx.doi.org/10.1063/1.3151827

Kaczer , B.; Grasser , T.; Roussel , Ph. J.; Franco , J.; Degraeve |,
R.; Ragnarsson , L.-A.; Simoen, E.; Groeseneken , G.; Reisinger , H.:
Origin of NBTI variability in deeply scaled pFETSs. In: IEEE International
Reliability Physics Symposium2010, pp. 26{32

Kleine , A.; Hilleringmann , U.: Surface cleaning and modi cation by
high Intense UV-irradiation for TiO2 nanoparticle Ims in dye sensitizel
solar cells. In:International Conference on Renewable Energies and Power
Quality (ICREPQ'16), 2016, pp. 102{107

Kwon , J.; Hong, S.; Lee, H.; Yeo, J.; Lee, S. S.;Ko, S. H.: Direct
selective growth of ZnO nanowire arrays from inkjet-printed zinc @etate
precursor on a heated substrate. InNanoscale research letter8 (2013),
no. 1, pp. 489.http://dx.doi.org/10.1186/1556-276X-8-489

Kim, S. H.; Jang, J.; Jeon, H.; Yun, W. M.; Nam, S.; Park , C. E.:
Hysteresis-free pentacene eld-e ect transistors and invente containing
poly(4-vinyl phenol-co-methyl methacrylate) gate dielectrics. n: Applied
Physics Letters 92 (2008), no. 18, pp. 183306http://dx.doi.org/10.
1063/1.2924772

207



Bibliography

Paderborn University

[KIK * 02]

[KK64]

[KKIRH10]

[KIi07]

[KLW * 03]

[KMO4]

[KMM69]

[KNJ*07]

208

Kleinwechter |, H.; Janzen, C.; Knipping , J.; Wiggers , H.; Roth , P.:
Formation and properties of ZnO nano-particles from gas phasensigesis
processes. In:Journal of Materials Science37 (2002), no. 20, pp. 4349{
4360. http://dx.doi.org/10.1023/A:1020656620050

Klasens , H. A.; Koelmans , H.: A tin oxide eld-e ect transistor. In:
Solid-State Electronics7 (1964), no. 9, pp. 701{702http://dx.doi.org/
10.1016/0038-1101(64)90057-7

Khan , S. A.; Kuo , P.-C.; Jamshidi-Roudbari , A.; Hatalis , M.: E ect
of uniaxial tensile strain on electrical performance of amorphoussEZO
TFTs and circuits on exible Metal foils. In: 68" Annual Device Research
Conference (DRC) 2010, pp. 119{120

Klingshirn , C.: ZnO: material, physics and applications. In:
Chemphyschem: a European journal of chemical physics anggibal chem-
istry 8 (2007), no. 6, pp. 782{803.http://dx.doi.org/10.1002/cphc.
200700002

Kaidashev , E. M.; Lorenz , M.; Wenckstern , H. von; Rahm, A,
Semmelhack , H.-C.; Han, K.-H.; Benndorf , G.; Bundesmann, C;
Hochmuth , H.; Grundmann , M.: High electron mobility of epitaxial
ZnO thin Ims on c-plane sapphire grown by multistep pulsed-laser dep
sition. In: Applied Physics Letters82 (2003), no. 22, pp. 3901http://
dx.doi.org/10.1063/1.1578694

Kolmakov , A.; Moskovits , M.: Chemical sensing and catalysis by one-
dimensional metal-oxide nanostructures. InCheminform 35 (2004), no.
41. http://dx.doi.org/10.1002/chin.200441227

Kurtin , S.;McGill , T.C.; Mead, C. A.: Fundamental transition in the
electronic nature of solids. In:Physical Review Letters22 (1969), no. 26,
pp. 1433{1436.http://dx.doi.org/10.1103/PhysRevlLett.22.1433

Kim, S.-S.;Na, S.-l.; Jo, J.; Tae, G.; Kim, D.-Y.: E cient polymer
solar cells fabricated by simple brush painting. In:Advanced Materials
19 (2007), no. 24, pp. 4410{4415http://dx.doi.org/10.1002/adma.
200702040



Sensor Technology Department Bibliography

[KPP* 08]

[KRA* 14]

[KSMYO02]

[KYK14]

[Lan32]

[LBK * 05]

[LCH* 10]

[LDS* 09]

Ko, S. H.;Park , I.; Pan, H.; Misra , N.; Rogers , M. S.; Grigoropou-
los, C. P.; Pisano, A. P.. ZnO nanowire network transistor fabrication
on a polymer substrate by low-temperature, all-inorganic nanoptele so-
lution process. In: Applied Physics Letters92 (2008), no. 15, pp. 154102.
http://dx.doi.org/10.1063/1.2908962

Kalblein , D.; Ryu, H.; Ante , F.; Fenk, B.; Hahn, K.; Kern ,
K.; Klauk , H.: High-performance ZnO nanowire transistors with alu-
minum top-gate electrodes and naturally formed hybrid self-asséhed
monolayer/AlO gate dielectric. In: ACS nano8 (2014), no. 7, pp. 6840{
6848. http://dx.doi.org/10.1021/nn501484e

Kato , H.; Sano, M.; Miyamoto , K.; Yao, T.: Growth and character-

ization of Ga-doped ZnO layers on a-plane sapphire substrates \groby

molecular beam epitaxy. In: Journal of Crystal Growth 237-239 (2002),
pp. 538{543. http://dx.doi.org/10.1016/S0022-0248(01)01972-8

Kim, S. J.; Yoon, S.; Kim, H. J.: Review of solution-processed oxide
thin- Im transistors. In: Japanese Journal of Applied Physic§3 (2014),
no. 2S, pp. 02BA02.http://dx.doi.org/10.7567/JJAP.53.02BA02

Langmuir , I.. Vapor pressures, evaporation, condensation and adsorp-
tion. In: Journal of the American Chemical Society64 (1932), no. 7, pp.
2798{2832.http://dx.doi.org/10.1021/ja01346a022

Liu, F.; Bao, M.; Kim, H.-J.; Wang , K. L.; Li, C.; Liu, X.; Zhou, C.:
Giant random telegraph signals in the carbon nanotubes as a singldeiz
probe. In: Applied Physics Letters86 (2005), no. 16, pp. 16310ttp://
dx.doi.org/10.1063/1.1901822

Lee, B. H.; Cho, S.; Hwang , J. K.; Kim, S. H.; Sung, M. M.: UV-
enhanced atomic layer deposition of Zrothin Ims at room temperature.
In: Thin Solid Films 518 (2010), no. 22, pp. 6432{6436ttp://dx.doi.
0rg/10.1016/j.tsf.2010.03.059

Li, Y.; Della Valle , F.; Simonnet , M.; Yamada , |.; Delaunay , J.-J.:
Competitive surface e ects of oxygen and water on UV photorespse of

209



Bibliography

Paderborn University

[LHS99]

[Lil33]

[Lin94]

[LIJ*08]

[LIK * 07]

[LIS* 03]

[LKK * 07]

[LKK *10]

210

ZnO nanowires. In: Applied Physics Letters94 (2009), no. 2, pp. 023110.
http://dx.doi.org/10.1063/1.3073042

Look , D. C.; Hemsky, J. W.; Sizelove , J. R.: Residual native shallow
donorin ZnO. In: Physical Review Letters82 (1999), no. 12, pp. 2552{2555.
http://dx.doi.org/10.1103/PhysRevLett.82.2552

Lilienfeld , J. E.: Device for controlling electric current 1933

Ling , C. H.: Trap generation at Si/SiO, interface in submicrometer metal-
oxide-semiconductor transistors by 4.9 eV ultraviolet irradiation.n: Jour-
nal of Applied Physics76 (1994), no. 1, pp. 581http://dx.doi.org/10.
1063/1.357046

Lee, S.;Jeong, Y.; Jeong, S.; Lee, J.; Jeon, M.; Moon , J.: Solution-
processed ZnO nanoparticle-based semiconductor oxide thin- Innansis-
tors. In: Superlattices and Microstructures44 (2008), no. 6, pp. 761{769.
http://dx.doi.org/10.1016/j.spmi.2008.09.002

Lee, S.;Jeong, S.;Kim, D.; Park , B. K.; Moon , J.: Fabrication of a
solution-processed thin- Im transistor using zinc oxide nanoparties and
zinc acetate. In: Superlattices and Microstructures42 (2007), no. 1-6, pp.
361{368. http://dx.doi.org/10.1016/j.spmi.2007.04.036

Look , D. C.; Jones, R. L.; Sizelove , J.R.; Garces ,N.Y.; Giles ,N.C,;
Halliburton |, L. E.: The path to ZnO devices: Donor and acceptor
dynamics. In: physica status solidi (a)195 (2003), no. 1, pp. 171{177.
http://dx.doi.org/10.1002/pssa.200306274

Lim, S. C.;Kim, S. H.; Koo, J. B.; Lee, J. H.; Ku, C. H.; Yang , Y. S;;
Zyung , T.. Hysteresis of pentacene thin- Im transistors and inverters
with cross-linked poly(4-vinylphenol) gate dielectrics. InApplied Physics
Letters 90 (2007), no. 17, pp. 173512http://dx.doi.org/10.1063/1.
2733626

Lim, S. J.; Kim, J.-M.; Kim, D.; Lee, C.; Park , J.-S.; Kim, H.: The
e ects of UV exposure on plasma-enhanced atomic layer depositi@amO
thin Im transistor. In: Electrochemical and Solid-State Letterd3 (2010),
no. 5, pp. H151.http://dx.doi.org/10.1149/1.3322733



Sensor Technology Department Bibliography

[LKKPO7]

[LKS* 06]

[LKT *91]

[LLPK16]

[LLS12]

[LML*11]

[LMNT71]

[LPK*12]

Lim, S. J.;Kwon , S.-J.;Kim, H.; Park , J.-S.: High performance thin Im
transistor with low temperature atomic layer deposition nitrogen-dped
ZnO. In: Applied Physics Letters91 (2007), no. 18, pp. 18351 ttp://
dx.doi.org/10.1063/1.2803219

Lee, S.; Koo, B.; Shin, J.; Lee, E.; Park , H.; Kim, H.: E ects of
hydroxyl groups in polymeric dielectrics on organic transistor pesfmance.
In: Applied Physics Letters88 (2006), no. 16, pp. 16210%ttp://dx.doi.
0rg/10.1063/1.2196475

Little , T. W.; Koike , H.; Takahara , K.; Nakazawa , T.; Ohshima,

H.: A 9.5 inch, 1.3 mega-pixel low temperature poly-Si TFT-LCD fab-
ricated by SPC of very thin Ims and an ECR-CVD gate insulator. In:

International Display Research Conferengel991, pp. 219{222

Lee, S. H.; Lee, J. H.; Park , C.; Kwak , M. K.: Roll-type photolithog-
raphy for continuous fabrication of narrow bus wires. In:Journal of Mi-
cromechanics and Microengineerin@6 (2016), no. 11, pp. 115008&ttp://
dx.doi.org/10.1088/0960-1317/26/11/115008

Liu, C.-T.; Lee, W.-h.; Shih, T.-L.: Synthesis of ZnO nanopatrticles to
fabricate a mask-free thin- Im transistor by inkjet printing. In: Journal
of Nanotechnology2012 (2012), no. 1, pp. 1{8.http://dx.doi.org/10.
1155/2012/710908

Liu, C.; Minari , T.; Lu, X.; Kumatani , A.; Takimiya , K.; Tsuk-
agoshi, K.: Solution-processable organic single crystals with bandlike
transport in eld-e ect transistors. In: Advanced materials (Deer eld
Beach, Fla.) 23 (2011), no. 4, pp. 523{52anttp://dx.doi.org/10.1002/
adma.201002682

Lechner , B. J.; Marlowe , F. J.; Nester , E. O.; Tults , J.: Liquid
crystal matrix displays. In: Proceedings of the IEEE59 (1971), no. 11, pp.
1566{1579.http://dx.doi.org/10.1109/PROC.1971.8489

Lee, D.; Pan, H.; Ko, S. H.; Park , H. K.; Kim, E.; Grigoropoulos
C. P.: Non-vacuum, single-step conductive transparent ZnO padtning by
ultra-short pulsed laser annealing of solution-deposited nanopantes. In:

211



Bibliography

Paderborn University

[LRS" 98]

[LRV* 16]

[LSL* 03]

[LTK *91]

[MAH* 04]

212

Applied Physics A107 (2012), no. 1, pp. 161{171http://dx.doi.org/
10.1007/s00339-012-6792-y

Look , D. C.; Reynolds , D. C.; Sizelove , J. R.; Jones, R. L.; Litton ,
C.W.; Cantwell , G.;Harsch , W. C.: Electrical properties of bulk ZnO.
In: Solid State Communications105 (1998), no. 6, pp. 399{401http://
dx.doi.org/10.1016/S0038-1098(97)10145-4

Lorenz , M.; Ramachandra Rao , M. S.; Venkatesan , T.; Fortu-

nato , E.; Barquinha , P.; Branquinho , R.; Salgueiro , D.; Martins
R.; Carlos , E.; Liu, A.; Shan, F. K.; Grundmann , M.; Boschker , H.;
Mukherjee , J.; Priyadarshini , M.; DasGupta , N.; Rogers , D. J;
Teherani , F. H.; Sandana, E. V.; Bove , P.; Rietwyk , K.; Zaban, A,
Veziridis , A.; Weidenkaff , A.; Muralidhar , M.; Murakami , M.;
Abel , S.; Fompeyrine , J.; Zuniga-Perez , J.; Ramesh, R.; Spaldin |,

N. A.; Ostanin , S.; Borisov , V.; Mertig , I.; Lazenka , V.; Srini-
vasan, G.; Prellier ,W.; Uchida , M.; Kawasaki , M.; Pentcheva , R.;
Gegenwart , P.; Miletto Granozio , F.; Fontcuberta , J.; Pryds ,

N.: The 2016 oxide electronic materials and oxide interfaces roadmap
In: Journal of Physics D: Applied Physics49 (2016), no. 43, pp. 433001.
http://dx.doi.org/10.1088/0022-3727/49/43/433001

Liu, Z. F.; Shan, F.K.; Li, Y. X.; Shin, B.C.; Yu, Y. S.: Epitaxial growth
and properties of Ga-doped ZnO Ims grown by pulsed laser deposiio
In: Journal of Crystal Growth 259 (2003), no. 1-2, pp. 130{136http://
dx.doi.org/10.1016/}.jcrysgro.2003.07.007

Little , T. W.; Takahara , K.-l.; Koike , H.; Nakazawa , T.; Yu-
dasaka , l.; Ohshima, H.. Low temperature poly-Si TFTs using solid
phase crystallization of very thin Ims and an electron cyclotron resnance
chemical vapor deposition gate insulator. InJapanese Journal of Applied
Physics 30 (1991), no. Part 1, No. 12B, pp. 3724{372&ttp://dx.doi.
0rg/10.1143/JJAP.30.3724

Meyer , B. K.; Aves , H.; Hofmann , D. M.; Kriegseis , W.; Forster
D.; Bertram , F.; Christen , J.; Hoffmann , A.; Straburg , M,
Dworzak , M.; Haboeck , U.; Rodina, A. V.: Bound exciton and



Sensor Technology Department Bibliography

[MAH * 08]

[Mas16]

[MBF*07]

[MBL*97]

[Meu99]

[MFN* 04]

donor{acceptor pair recombinations in ZnO. In: physica status solidi
(b) 241 (2004), no. 2, pp. 231{260http://dx.doi.org/10.1002/pssb.
200301962

Meyers , S. T.; Anderson , J. T.; Hung, C. M.; Thompson , J.; Wa-
ger, J. F.; Keszler , D. A.: Aqueous inorganic inks for low-temperature
fabrication of ZnO TFTs. In: Journal of the American Chemical Soci-
ety 130 (2008), no. 51, pp. 17603{1760%ttp://dx.doi.org/10.1021/
ja808243k

Masuhara , T.: IEEE Journal of Solid State Circuits: The evolution and
future of this agship publication. In: IEEE Solid-State Circuits Mag-
azine 8 (2016), no. 4, pp. 16{19. http://dx.doi.org/10.1109/MSSC.
2016.2602092

Martins , R.; Barquinha , P.; Ferreira , I.; Pereira , L.; Gorcalves
G.; Fortunato , E.: Role of order and disorder on the electronic perfor-
mances of oxide semiconductor thin Im transistors. InJournal of Applied
Physics 101 (2007), no. 4, pp. 044505nttp://dx.doi.org/10.1063/1.
2495754

Myong , S. Y.; Baik , S. J.; Lee, C. H.; Cho, W. Y.; Lim, K. S.: Ex-
tremely transparent and conductive ZnO: Al thin Ims prepared byphoto-
assisted metalorganic chemical vapor deposition (photo-MOCVD)sing
AICI3(6 H,O) as new doping material. In: Japanese Journal of Applied
Physics 36 (1997), no. Part 2, No. 8B, pp. L1078{L1081http://dx.doi.
org/10.1143/JJAP.36.L1078

Meulenkamp , E. A.: Electron transport in nanoparticulate ZnO Ims.
In: The Journal of Physical Chemistry B103 (1999), no. 37, pp. 7831{7838.
http://dx.doi.org/10.1021/jp9914673

Martins , R.; Fortunato , E.; Nunes, P.; Ferreira , |.; Marques , A,;

Bender , M.; Katsarakis , N.; Cimalla , V.; Kiriakidis , G.: Zinc oxide
as an ozone sensor. InJournal of Applied Physics96 (2004), no. 3, pp.
1398. http://dx.doi.org/10.1063/1.1765864

213



Bibliography

Paderborn University

[Mic00]

[Mic16]

[Mit16]

[MKO* 03]

[MMH * 14]

[MNL* 14]

[MNO* 13]

[Moo65]

[Mor81]

214

MicroChemicals GmbH : Datasheet: Clariant AZ 5214E Ulm, Ger-
many, 2000

MicroChemicals GmbH : Datasheet: AZ Aguatar Ulm, Germany, 2016

Mitsubishi Polyester Film GmbH . Datasheet Hostaphan GNWies-
baden, Germany, 2016

Masuda , S.; Kitamura , K.; Okumura , Y.; Miyatake , S.; Tabata ,

H.; Kawai , T.. Transparent thin Im transistors using ZnO as an active
channel layer and their electrical properties. InJournal of Applied Physics
93 (2003), no. 3, pp. 1624http://dx.doi.org/10.1063/1.1534627

Mahmoudabadi , F.; Ma, X.; Hatalis , M. K.; Shah, K. N.; Leven-
dusky , T. L.. Amorphous IGZO TFTs and circuits on conformable
aluminum substrates. In: Solid-State Electronics101 (2014), pp. 57{62.
http://dx.doi.org/10.1016/].sse.2014.06.031

Mei, P.; Ng, T. N.; Lujan , R. A.; Schwartz , D. E.; Kor , S.;Krusor
B. S.; Veres , J.. Utilizing high resolution and recon gurable patterns in
combination with inkjet printing to produce high performance circuis. In:
Applied Physics Letters105 (2014), no. 12, pp. 12330ttp://dx.doi.
0rg/10.1063/1.4896547

Morosawa , N.; Nishiyama , M.; Ohshima, Y.; Sato , A.; Terai , Y.;
Tokunaga , K.; lwasaki , J.; Akamatsu , K.; Kanitani , Y.; Tanaka ,
S.;Arai , T.; Nomoto , K.: High-mobility self-aligned top-gate oxide TFT
for high-resolution AM-OLED. In: Journal of the Society for Information
Display 21 (2013), no. 11, pp. 467{473.http://dx.doi.org/10.1002/
jsid.206

Moore , G.: Cramming more components onto integrated circuits. In:
Electronics 38 (1965), no. 8, pp. 114{117

Morrison , S. R.: Semiconductor gas sensors. InSensors and
Actuators 2 (1981), pp. 329{341. http://dx.doi.org/10.1016/0250-
6874(81)80054-6



Sensor Technology Department Bibliography

[MPZ* 13]

[MS98]

[MSF* 13]

[MSKY02]

[MSR* 14]

[Nanl6a]

[Nanl16b]

Munzenrieder , N.; Petti , L.; Zysset , C.; Gork , D.; Buthe , L.; Sal-

vatore , G. A.; Troster , G.: Investigation of gate material ductility
enables exible a-IGZO TFTs bendable to a radius of 1.7 mm. In43d
European Solid State Device Research Conference (ESSDER)13, pp.
362{365

Mueller , H. H.; Schulz , M.: Random telegraph signal: An atomic probe
of the local current in eld-e ect transistors. In: Journal of Applied Physics
83 (1998), no. 3, pp. 1734http://dx.doi.org/10.1063/1.366892

Mudiyanselage , K.; Senanayake , S. D.; Feria , L.; Kundu, S
Baber , A. E.; Graciani , J.; Vidal , A. B.; Agnoli , S.; Evans, J;
Chang, R.; Axnanda , S.; Liu, Z.; Sanz, J. F.; Liu, P.; Rodriguez |,
J. A.; Stacchiola , D. J.: Importance of the metal-oxide interface in
catalysis: in situ studies of the water-gas shift reaction by ambieiressure
X-ray photoelectron spectroscopy. InAngewandte Chemie (International
ed. in English) 52 (2013), no. 19, pp. 5101{510%ttp://dx.doi.org/10.
1002/anie.201210077

Miyamoto , K.; Sano, M.; Kato , H.; Yao, T.: E ects of ZnO/MgO
double bu er layers on structural quality and electron mobility of ZrO
epitaxial Ims grown on c-plane sapphire. In:Japanese Journal of Applied
Physics 41 (2002), no. Part 2, No. 11A, pp. L1203{L1205 http://dx.
doi.org/10.1143/JJAP.41.L1203

Myny , K.; Smout, S.; Rockele , M.; Bhoolokam , A.; Ke, T. H,
Steudel , S.;Cobb, B.; Gulati , A.; Gonzalez Rodriguez , F.; Obata ,
K.; Marinkovic , M.; Pham, D.-V.; Hoppe, A.; Gelinck , G. H.; Ge-
noe, J.; Dehaene , W.; Heremans , P.: A thin- Im microprocessor with
inkjet print-programmable memory. In: Scientic reports 4 (2014), pp.
7398. http://dx.doi.org/10.1038/srep07398

Nanophase Technologies Corporation : Datasheet: ZN-2650
Romeoville, IL, US, 2016

Nanophase Technologies Corporation . Datasheet: ZN-3008C
Romeouville, IL, US, 2016

215



Bibliography

Paderborn University

[Nanl6c]

[NCS' 03]

[NLKK14]

[NOU* 03]

[NQW™ 08]

[NSGJO0O]

[OAL ™" 05]

[OAS* 07]

216

Nanophase Technologies Corporation . Datasheet: ZN-3014A
Romeoville, IL, US, 2016

Nandi, S. K.; Chatterjee , S.; Samanta , S. K.; Bose, P. K.; Maiti ,
C. K.: Electrical characterization of low temperature deposited age Ims
on ZnO/n-Si substrate. In: Bulletin of Materials Science26 (2003), no. 7,
pp. 693{697. http://dx.doi.org/10.1007/BF02706765

Nam, T.; Lee, C. W.; Kim, H. J.; Kim, H.: Growth characteristics
and properties of Ga-doped ZnO (GZO) thin Ims grown by thermal ad
plasma-enhanced atomic layer deposition. IiApplied Surface Scienc®95
(2014), pp. 260{265. http://dx.doi.org/10.1016/j.apsusc.2014.01.

027

Nomura , K.; Ohta , H.; Ueda, K.; Kamiya , T.; Hirano , M.; Hosono ,
H.: Thin- Im transistor fabricated in single-crystalline transparent oxide
semiconductor. In: Science (New York, N.Y.) 300 (2003), no. 5623, pp.
1269{1272.http://dx.doi.org/10.1126/science.1083212

Noei, H.; Qiu, H.; Wang , Y.; Loffler , E.; Woll , C.; Muhler , M.:
The identi cation of hydroxyl groups on ZnO nanoparticles by infraed
spectroscopy. In:Physical chemistry chemical physics : PCCRO (2008),
no. 47, pp. 7092{7097http://dx.doi.org/10.1039/b811029n

Necliudov , P. V.; Shur, M. S.; Gundlach , D. J.; Jackson , T. N.:
Modeling of organic thin Im transistors of di erent designs. In: Journal
of Applied Physics88 (2000), no. 11, pp. 6594http://dx.doi.org/10.
1063/1.1323534

Ozger, U.; Alivov , Y. |; Liu, C.; Teke, A.; Reshchikov , M. A

Dogan, S.; Avrutin , V.; Cho, S.-J.; Morka , H.: A comprehensive
review of ZnO materials and devices. InJournal of Applied Physics98
(2005), no. 4, pp. 041301http://dx.doi.org/10.1063/1.1992666

Ofuji , M.; Abe, K.; Shimizu, H.; Kaji , N.; Hayashi , R.; Sano, M.;
Kumomi, H.; Nomura , K.; Kamiya , T.; Hosono, H.. Fast thin-Im
transistor circuits based on amorphous oxide semiconductor. IHEEE



Sensor Technology Department Bibliography

Electron Device Letters28 (2007), no. 4, pp. 273{275.http://dx.doi.
org/10.1109/LED.2007.893223

[OCGSM* 13] Ortiz-Conde , A.; Garc a-Sanchez, F. J.; Muci , J.; Ter an Barrios

[OH10]

[OKY97]

[OLS* 08]

[OMO3]

[OMNHO8]

[Pan06]

[PCNF04]

A.; Liou, J. J.; Ho, C.-S.: Revisiting MOSFET threshold voltage extrac-
tion methods. In: Microelectronics Reliability 53 (2013), no. 1, pp. 90{104.
http://dx.doi.org/10.1016/j.microrel.2012.09.015

Okamura , K.; Hahn, H.: Carrier transport in nanocrystalline eld-e ect
transistors: Impact of interface roughness and geometricalrcigr trap. In:
Applied Physics Letters97 (2010), no. 15, pp. 153114http://dx.doi.
0rg/10.1063/1.3495798

Ohyama , M.; Kouzuka , H.; Yoko , T.: Sol-gel preparation of ZnO Ims
with extremely preferred orientation along (002) plane from zinc atate
solution. In: Thin Solid Films 306 (1997), no. 1, pp. 78{85http://dx.
doi.org/10.1016/S0040-6090(97)00231-9

Oh, M. S.; Lee, K.; Song, J. H.; Lee, B. H.; Sung, M. M.; Hwang ,
D. K.; Im, S.: Improving the gate stability of ZnO thin- Im transistors
with aluminum oxide dielectric layers. In:Journal of The Electrochemical
Society 155 (2008), no. 12, pp. H1009http://dx.doi.org/10.1149/1.
2994629

Oldham , T. R.; McLean , F. B.: Total ionizing dose e ects in MOS
oxides and devices. InIEEE Transactions on Nuclear Sciences0 (2003),
no. 3, pp. 483{499.http://dx.doi.org/10.1109/TNS.2003.812927

Okamura , K.; Mechau , N.; Nikolova , D.; Hahn, H.: Inuence of
interface roughness on the performance of nanoparticulate zioxide eld-

e ect transistors. In: Applied Physics Letters93 (2008), no. 8, pp. 083105.
http://dx.doi.org/10.1063/1.2972121

Pannemann , C.. Prozesstechnik ér organische Felde ekt-Transistoren:
Kontakte, Dielektrika und Ober achenpassivierungen Paderbron, Ger-
many, Paderborn University, Dissertation (PhD), 2006

Pesavento , P. V.; Chesterfield , R. J.; Newman, C. R.; Frishie ,
C. D.: Gated four-probe measurements on pentacene thin- Im tresistors:

217



Bibliography Paderborn University

Contact resistance as a function of gate voltage and temperagurin: Jour-
nal of Applied Physics96 (2004), no. 12, pp. 7312http://dx.doi.org/
10.1063/1.1806533

[PCY12] Park , S.; Cho, E. N.; Yun, I.: Threshold voltage shift prediction for
gate bias stress on amorphous InGaZnO thin Im transistors. InMicro-
electronics Reliability 52 (2012), no. 9-10, pp. 2215{2219ttp://dx.doi.
0rg/10.1016/j.microrel.2012.07.005

[PDHO4] Pannemann , C.; Diekmann , T.; Hilleringmann , U.. Degradation of
organic eld-e ect transistors made of pentacene. InJournal of Materials
Researchl19 (2004), no. 07, pp. 1999{2004ttp://dx.doi.org/10.1557/
JMR.2004.0267

[PFN* 16] Pimentel , A.; Ferreira , S.; Nunes, D.; Calmeiro , T.; Martins |,
R.; Fortunato , E.: Microwave synthesized ZnO nanorod arrays for UV
sensors: A seed layer annealing temperature study. IMaterials 9 (2016),
no. 4, pp. 299.http://dx.doi.org/10.3390/ma9040299

[PHJ 08] Park , S.-H. K.; Hwang , C.-S.;Jeong, H. Y.; Chu, H. Y.; Cho, K. |.:
Transparent ZnO-TFT arrays fabricated by atomic layer depositia. In:
Electrochemical and Solid-State Letterd&1 (2008), no. 1, pp. H10http://
dx.doi.org/10.1149/1.2801017

[Pie96] Pierret , R. F.: Semiconductor device fundamentalsMokingham, UK :
Addison-Wesley, 1996. { ISBN 0{201{54393{1

[PJ12] Panda, S. K.; Jacob, C.. Preparation of transparent ZnO thin Ims
and their application in UV sensor devices. InSolid-State Electronics73
(2012), pp. 44{50.http://dx.doi.org/10.1016/j.sse.2012.03.004

[PKK*12] Park , S. Y.; Kim, B. J.; Kim, K.; Kang , M. S.; Lim, K.-H.; Lee, T. |;
Myoung , J. M.; Baik , H. K.; Cho, J. H.; Kim, Y. S.. Low-temperature,
solution-processed and alkali metal doped ZnO for high-performee thin-
Im transistors. In: Advanced materials (Deer eld Beach, Fla.)24 (2012),
no. 6, pp. 834{838.http://dx.doi.org/10.1002/adma.201103173

[PMK*09] Pan, H.; Misra , N.; Ko, S. H.; Grigoropoulos , C. P.; Miller , N.;
Haller , E. E.; Dubon, O.: Melt-mediated coalescence of solution-

218



Sensor Technology Department Bibliography

[PMKP12]

[PMV* 16]

[PPB* 16]

[PS66]

[PYBLOS]

[PZWO02]

[PZY*13]

deposited ZnO nanoparticles by excimer laser annealing for thin- Inran-
sistor fabrication. In: Applied Physics A94 (2009), no. 1, pp. 111{115.
http://dx.doi.org/10.1007/s00339-008-4925-0

Park , J. S.; Maeng , W.-J.; Kim, H.-S.; Park , J.-S.: Review of recent
developments in amorphous oxide semiconductor thin- Im transistode-
vices. In: Thin Solid Films 520 (2012), no. 6, pp. 1679{169ttp://dx.
doi.org/10.1016/.tsf.2011.07.018

Petti , L.; Munzenrieder , N.; Vogt , C.; Faber , H.; Buthe , L.
Cantarella , G.; Bottacchi , F.; Anthopoulos , T. D.; Tr ester ,
G.: Metal oxide semiconductor thin- Im transistors for exible elecronics.
In: Applied Physics Reviews (2016), no. 2, pp. 021303ttp://dx.doi.
0rg/10.1063/1.4953034

Park , J. H.; Park , J. H.; Biswas, P.; Kwon, D. K.; Han, S. W.;
Baik , H. K.; Myoung , J.-M.: Adopting novel strategies in achieving
high-performance single-layer network structured ZnO nanoredhin Im
transistors. In: ACS applied materials & interfaces8 (2016), no. 18, pp.
11564{11574 http://dx.doi.org/10.1021/acsami.5b12321

Padovani , F. A.; Stratton , R.: Field and thermionic- eld emission in
Schottky barriers. In: Solid-State Electronics9 (1966), no. 7, pp. 695{707.
http://dx.doi.org/10.1016/0038-1101(66)90097-9

Paine , D. C.; Yaglioglu , B.; Beiley , Z.; Lee, S.. Amorphous 1ZO-
based transparent thin Im transistors. In: Thin Solid Films 516 (2008),
no. 17, pp. 5894{5898http://dx.doi.org/10.1016/j.tsf.2007.10.081

Park , C. H.; Zhang , S. B.;Wei, S.-H.: Origin of p -type doping di culty
in ZnO: The impurity perspective. In: Physical Review B66 (2002), no. 7.
http://dx.doi.org/10.1103/PhysRevB.66.073202

Phan, T.-L.; Zhang, Y. D.; Yang , D. S.; Nghia , N. X.; Thanh , T. D,;

Yu, S. C.: Defect-induced ferromagnetism in ZnO nanoparticles praea

by mechanical milling. In: Applied Physics Letters102 (2013), no. 7, pp.
072408.http://dx.doi.org/10.1063/1.4793428

219



Bibliography

Paderborn University

[RCNO3]

[Reil4]

[Rid78]

[Rot04]

[RW8S]

[SASM13]

[Sat05]

[SBB92]

[Sch06]

220

Rabaey , J. M.; Chandrakasan , A. P.; Nikoli c, B.: Digital integrated
circuits: A design perspective 2", Upper Saddle River, NJ, US : Pearson
Education, 2003 (Prentice Hall electronics and VLSI series). { 198 0{
130{90996{3

Reisinger , H.: The time-dependent defect spectroscopy. 201Http://
dx.doi.org/10.1007/978-1-4614-7909-3 4 . In: Grasser , T. (ed.):
Bias temperature instability for devices and circuitsNew York, NY, US :
Springer New York, 2014. { ISBN 978{1{4614{7908{6, pp. 75{1®

Rideout , V. L.: A review of the theory, technology and applications of
metal-semiconductor recti ers. In: Thin Solid Films 48 (1978), no. 3, pp.
261{291. http://dx.doi.org/10.1016/0040-6090(78)90007-X

Rothschild , A.: The e ect of grain size on the sensitivity of nanocrys-
talline metal-oxide gas sensors. InJournal of Applied Physics95 (2004),
no. 11, pp. 6374 http://dx.doi.org/10.1063/1.1728314

Rhoderick , E. H.: Williams , R. H.: Metal-semiconductor contacts2".
New York, NY, US : Oxford University Press, 1988. { ISBN 0{198{9336{8

Suwanboon , S.; Amornpitoksuk , P.; Sukolrat , A.; Muensit , N.:
Optical and photocatalytic properties of La-doped ZnO nanopaitles pre-
pared via precipitation and mechanical milling method. InCeramics Inter-
national 39 (2013), no. 3, pp. 2811{281%%ttp://dx.doi.org/10.1016/
j.ceramint.2012.09.050

Sato , T.: Preparation and thermal decomposition of indium hydroxide.
In: Journal of Thermal Analysis and Calorimetry 82 (2005), no. 3, pp.
775{782. http://dx.doi.org/10.1007/s10973-005-0963-4

Smithells , C. J.; Brandes , E. A.; Brook , G. B.: Smithells metal
reference book 7". London, UK : Butterworths, 1992. { ISBN 0{750{
61020{4

Schroder , D. K.: Semiconductor material and device characterization
39, New York, NY, US and Chichester, UK : Wiley Interscience, 2006. {
ISBN 0{471{73906{5



Sensor Technology Department Bibliography

[SCS 09]

[SHK13]

[SIETO7]

[SIK* 14]

[Sir14]

[SKFN62]

[SKH* 15]

[SKI* 05]

Sanghoon L. ; Cho, H.-J.; Son, Y.; Lee, D. S.; Shin, H.: Characteri-
zation of oxide traps leading to RTN in high-k and metal gate MOSFETs
In: IEEE International Electron Devices Meeting (IEDM), 2009, pp. 1{4

S ndergaard , R.R.;Hesel, M.; Krebs , F. C.: Roll-to-Roll fabrication
of large area functional organic materials. InJournal of Polymer Science
Part B: Polymer Physics 51 (2013), no. 1, pp. 16{34.http://dx.doi.
0rg/10.1002/polb.23192

Sonoda , K.; Ishikawa , K.; Eimori , T.; Tsuchiya , O.: Discrete dopant
e ects on statistical variation of random telegraph signal magnitde. In:
IEEE Transactions on Electron Devices54 (2007), no. 8, pp. 1918{1925.
http://dx.doi.org/10.1109/TED.2007.900684

Sekine, T.; Ikeda , H.; Kosakai , A.; Fukuda , K.; Kumaki , D.; Tok-
ito , S.: Improvement of mechanical durability on organic TFT with
printed electrodes prepared from nanoparticle ink. In:Applied Surface
Science294 (2014), pp. 20{23.http://dx.doi.org/10.1016/j.apsusc.
2013.12.168

Sirringhaus , H.: 25th anniversary article: organic eld-e ect transistors:
the path beyond amorphous silicon. In:Advanced materials (Deer eld
Beach, Fla.) 26 (2014), no. 9, pp. 1319{1335http://dx.doi.org/10.
1002/adma.201304346

Seiyama, T.; Kato , A.; Fujiishi , K.; Nagatani , M.: A new detector
for gaseous components using semiconductive thin Ims. InAnalytical
Chemistry 34 (1962), no. 11, pp. 1502{1503.http://dx.doi.org/10.
1021/ac60191a001

Shimogaki , T.; Kawahara , H.; Higashihata , M.; lkenoue , H.;
Nakamura , D.; Nakata , Y.; Okada , T.: Fabrication of ZnO crystals
by UV-laser annealing on ZnO nanoparticles prepared by laser ablatio
method. In: Teherani , F. H. (ed.); Look , D. C. (ed.); Rogers , D. J.
(ed.): SPIE OPTO, SPIE, 2015 (SPIE Proceedings), pp. 93640C

Sekitani , T.; Kato , Y.; Iba, S.; Shinaoka , H.; Someya, T.; Sakurai ,
T.; Takagi , S.. Bending experiment on pentacene eld-e ect transistors

221



Bibliography

Paderborn University

[SNO7]

[SNJ* 10]

[SNZ* 08]

[SS05]

[SSM93]

[SSSWO08]

[Str09]

[SWDMO07]

222

on plastic Ims. In: Applied Physics Letters86 (2005), no. 7, pp. 073511.
http://dx.doi.org/10.1063/1.1868868

Sze, S. M.; Ng, K. K.: Physics of semiconductor devices3™. Hoboken,
NJ, US : Wiley-Interscience, 2007. { ISBN 978{0{471{14323{9

Song, K.; Noh, J.; Jun, T.; Jung, Y.; Kang , H.-Y.; Moon , J.: Fully
exible solution-deposited zno thin- Im transistors. In: Advanced materials
(Deer eld Beach, Fla.) 22 (2010), no. 38, pp. 4308{431ttp://dx.doi.
org/10.1002/adma.201002163

Sekitani , T.; Noguchi , Y.; Zschieschang , U.; Klauk , H.; Someya,
T.. Organic transistors manufactured using inkjet technology witlsubfem-
toliter accuracy. In: Proceedings of the National Academy of Sciences of
the United States of Americal05 (2008), no. 13, pp. 4976{498Mttp://
dx.doi.org/10.1073/pnas.0708340105

Sun, B.; Sirringhaus , H.: Solution-processed zinc oxide eld-e ect tran-
sistors based on self-assembly of colloidal nanorods. INano letters 5
(2005), no. 12, pp. 2408{2413ttp://dx.doi.org/10.1021/nl051586w

Shimizu, K.; Sugiura , O.; Matsumura , M.: High-mobility poly-Si thin-
Im transistors fabricated by a novel excimer laser crystallization rathod.
In: IEEE Transactions on Electron Devices40 (1993), no. 1, pp. 112{117.
http://dx.doi.org/10.1109/16.249432

Strukov , D. B.; Snider , G. S.;Stewart , D. R.; Williams , R. S.: The
missing memristor found. In: Nature 453 (2008), no. 7191, pp. 80{83.
http://dx.doi.org/10.1038/nature06932

Street , R. A.: Thin-Film Transistors. In: Advanced Materials21 (2009),
no. 20, pp. 2007{2022http://dx.doi.org/10.1002/adma.200803211

Suresh , A.; Wellenius , P.; Dhawan , A.; Muth , J.: Room temperature
pulsed laser deposited indium gallium zinc oxide channel based transgat

thin Im transistors. In: Applied Physics Letters90 (2007), no. 12, pp.
123512.http://dx.doi.org/10.1063/1.2716355



Sensor Technology Department Bibliography

[SZKS10]

[TBS* 11]

[TFK94]

[TGL*13]

[Tho84]

[TMSMO9]

[TO93]

[UCEY10]

Sekitani , T.; Zschieschang , U.; Klauk , H.; Someya, T.. Flexible
organic transistors and circuits with extreme bending stability. In:Nature
materials 9 (2010), no. 12, pp. 1015{102ttp://dx.doi.org/10.1038/
nMat2896

Theissmann , R.; Bubel , S.;Sanlialp , M.; Busch, C.; Schierning , G.;
Schmechel , R.: High performance low temperature solution-processed
zinc oxide thin Im transistor. In: Thin Solid Films 519 (2011), no. 16,
pp. 5623{5628.http://dx.doi.org/10.1016/j.tsf.2011.02.073

Tatsumi , T.; Fukuda , S.; Kadomura , S.: Radiation damage of Si®
surface induced by vacuum ultraviolet photons of high-density plag. In:
Japanese Journal of Applied Physic83 (1994), no. Part 1, No. 4B, pp.
2175{2178.http://dx.doi.org/10.1143/JJAP.33.2175

Thiemann , S.; Gruber , M.; Lokteva |, I.; Hirschmann , J.; Halik , M.;

Zaumseil , J.: High-mobility ZnO nanorod eld-e ect transistors by self-

alignment and electrolyte-gating. In: ACS applied materials & interfaces
5 (2013), no. 5, pp. 1656{1662http://dx.doi.org/10.1021/am3026739

Thompson , M. J.: Thin Im transistors for large area electronics. In:
Journal of Vacuum Science & Technology B: Microelectronicand Nanome-
ter Structures 2 (1984), no. 4, pp. 827 http://dx.doi.org/10.1116/1.
582902

Tominaga , K.; Murayama , T.; Sato, Y.; Mori , |.. Energetic oxygen
particles in the reactive sputtering of Zn targets in Ar/O, atmospheres.
In: Thin Solid Films 343-344 (1999), pp. 81{84http://dx.doi.org/10.
1016/S0040-6090(98)01579-X

Takahashi , Y.; Ohnishi , K.: Estimation of insulation layer conductance
in MNOS structure. In: IEEE Transactions on Electron Devices40 (1993),
no. 11, pp. 2006{2010http://dx.doi.org/10.1109/16.239741

Uppalapati , S.; Chada, S.; Engelhard , M. H.; Yan, M.: Photo-
chemical Reactions of Poly(4-vinylphenol) Thin Films. In:Macromolecular
Chemistry and Physics211 (2010), no. 4, pp. 461{470http://dx.doi.
org/10.1002/macp.200900484

223



Bibliography

Paderborn University

[UI01]

[Vig85]

[VKJ*08]

[VMJO06]

[VMJ07a]

[VMJO7b]

[VMM * 04]

[VOLLO4]

224

Uchikoga , S.; Ibaraki , N.: Low temperature poly-Si TFT-LCD by
excimer laser anneal. InThin Solid Films 383 (2001), no. 1-2, pp. 19{24.
http://dx.doi.org/10.1016/S0040-6090(00)01644-8

Vig , J. R.: UV/ozone cleaning of surfaces. InJournal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films (1985), no. 3, pp. 1027.
http://dx.doi.org/10.1116/1.573115

Verma , V. P.; Kim, D.-H.; Jeon, H.; Jeon, M.; Choi, W.: Charac-
teristics of low doped gallium-zinc oxide thin Im transistors and e ectof
annealing under high vacuum. In:Thin Solid Films 516 (2008), no. 23, pp.
8736{8739.http://dx.doi.org/10.1016/j.tsf.2008.06.054

Verbakel ,F.; Meskers , S. C. J.;Janssen, R. A. J.: Electronic memory
e ects in diodes from a zinc oxide nanoparticle-polystyrene hybrid aterial.
In: Applied Physics Letters89 (2006), no. 10, pp. 102103&ittp://dx.doi.
0rg/10.1063/1.2345612

Verbakel ,F.; Meskers , S. C. J.;Janssen, R. A. J.: Electronic memory
e ects in diodes of zinc oxide nanoparticles in a matrix of polystyrener
poly(3-hexylthiophene). In: Journal of Applied Physics102 (2007), no. 8,
pp. 083701.http://dx.doi.org/10.1063/1.2794475

Verbakel , F.; Meskers , S. C. J.; Janssen, R. A. J.: Surface mod-
I cation of zinc oxide nanoparticles in uences the electronic memorgef-
fects in ZnO polystyrene diodes. In:The Journal of Physical Chemistry
C 111 (2007), no. 28, pp. 10150{10153ttp://dx.doi.org/10.1021/
jp072999j

Volkman , S. K.; Mattis , B. A.; Molesa , S. E.;Lee, J. B.; La Fuente
Vornbrock , A. de; Bakhishev , T.; Subramanian , V.. A novel trans-
parent air-stable printable n-type semiconductor technology usinzZnO
nanoparticles. In: IEEE International Electron Devices Meeting (IEDM),
2004, pp. 769{772

Veres , J.; Ogier , S.; Lloyd , G.; Leeuw, D. d.: Gate insulators in
organic eld-e ect transistors. In: Chemistry of Materials 16 (2004), no.
23, pp. 4543{4555 http://dx.doi.org/10.1021/cm049598q



Sensor Technology Department Bibliography

[VSS 10]

[Wal94]

[Wan04]

[WAT * 09]

[WCV* 14]

[Wei61]

[Wei62]

[WFHL * 15]

Vicca , P.; Steudel , S.;Smout, S.;Raats , A.; Genoe, J.; Heremans ,
P.. A low-temperature-cross-linked poly(4-vinylphenol) gate-diettric for
organic thin Im transistors. In: Thin Solid Films 519 (2010), no. 1, pp.
391{393. http://dx.doi.org/10.1016/j.tsf.2010.08.009

Walukiewicz , W.: Defect formation and diusion in heavily doped
semiconductors. In:Physical Review B50 (1994), no. 8, pp. 5221{5225.
http://dx.doi.org/10.1103/PhysRevB.50.5221

Wang , Z. L.: Zinc oxide nanostructures: Growth, properties and appli-
cations. In: Journal of Physics: Condensed Matte 6 (2004), no. 25, pp.
R829{R858. http://dx.doi.org/10.1088/0953-8984/16/25/R01

Wang , Y.; Acton , O.; Ting , G.; Weidner , T.; Ma, H.; Castner |,
D. G.; Jen, A. K.-Y.: Low-voltage high-performance organic thin Im
transistors with a thermally annealed polystyrene/hafnium oxide diectric.
In: Applied Physics Letters95 (2009), no. 24, pp. 243302ttp://dx.doi.
0rg/10.1063/1.3268455

Wirth , G. I.; Cao, Y.; Velamala , J. B.; Sutaria , K. B.; Sato , T.:
Charge trapping in MOSFETS: BTl and RTN modeling for circuits. 2014
http://dx.doi.org/10.1007/978-1-4614-7909-3_29 . In: Grasser , T.
(ed.): Bias temperature instability for devices and circuitsNew York, NY,
US : Springer New York, 2014. { ISBN 978{1{4614{7908{6, pp. 15782

Weimer , P. K.: An evaporated thin- Im triode. In: IRE Transactions on
Electron Devices8 (1961), no. 5, pp. 421 http://dx.doi.org/10.1109/
T-ED.1961.14827

Weimer , P. K.: The TFT a new thin- Im transistor. In: Proceedings of
the IRE 50 (1962), no. 6, pp. 1462{146%ttp://dx.doi.org/10.1109/
JRPROC.1962.288190

Wang , C.-Y.; Fuentes-Hernandez , C.; Liu, J.-C.; Dindar , A.; Choi,
S.;Youngblood , J. P.; Moon , R. J.; Kippelen , B.: Stable low-voltage
operation top-gate organic eld-e ect transistors on cellulose nmacrystal
substrates. In: ACS applied materials & interfaces7 (2015), no. 8, pp.
4804{4808.http://dx.doi.org/10.1021/am508723a

225



Bibliography

Paderborn University

[WHOO]

[WH10]

[WH11]

[WLO* 05]

[Wol11]

[WS09]

[WSGG10]

[XFH* 12]

[XOW* 15]

226

Wolff , K.; Hilleringmann , U.: N-type single nanoparticle ZnO tran-
sistors processed at low temperature. Ir89" European Solid State Device
Research Conference (ESSDERCR009, pp. 460{463

Wolff |, K.; Hilleringmann , U.: Analysis and modeling of pseudo-short-
channel e ects in ZnO-nanoparticle thin- Im transistors. In: 40" European
Solid State Device Research Conference (ESSDER@P10, pp. 226{229

Wolff , K.; Hilleringmann , U.: Solution processed inverter based
on zinc oxide nanoparticle thin- Im transistors with poly(4-vinylphenol)
gate dielectric. In: Solid-State Electronics62 (2011), no. 1, pp. 110{114.
http://dx.doi.org/10.1016/].sse.2011.01.046

Wu, Y.; Li, Y.; Ong, B. S.; Liu, P.; Gardner , S.; Chiang , B.: High-
performance organic thin- Im transistors with solution-printed gdd con-
tacts. In: Advanced Materials17 (2005), no. 2, pp. 184{187http://dx.
doi.org/10.1002/adma.200400690

Wolff , K.: Integrationstechniken &r Felde ekttransistoren mit halbleit-
enden Nanopartikeln: Einzel- und Multipartikel-Bauelem#e. Wiesbaden,
Germany : Vieweg+Teubner, 2011. { ISBN 978{3{8348{1767{9http://
dx.doi.org/10.1007/978-3-8348-8271-4

Wong , W. S.; Salleo , A.: Flexible electronics: Materials and applica-
tions. New York, NY, US : Springer, 2009 (Electronic materials : science
& technology). { ISBN 978{0{387{74362{2. http://www.springer.com

Wang , J.; Sun, B.; Gao, F.; Greenham , N. C.. Memristive devices
based on solution-processed ZnO nanocrystals. Iphysica status solidi
(&) 207 (2010), no. 2, pp. 484{487http://dx.doi.org/10.1002/pssa.
200925467

Xu, X.; Feng, L.; He, S.;Jin, Y.; Guo, X.: Solution-processed zinc oxide
thin- Im transistors with a low-temperature polymer passivation layer. In:
IEEE Electron Device Letters 33 (2012), no. 10, pp. 1420{142Xttp://
dx.doi.org/10.1109/LED.2012.2210853

Xie, Y.; Ouyang , S.;Wang , D.; Lee, W.-Y.; Bao, Z.; Matthews ,J.R;
Niu, W.; Bellman , R. A.; He, M.; Fong , H. H.: High performance top



Sensor Technology Department Bibliography

[XPSTOO]

[YGA*14]

[Y102]

[YJ10]

[YIL*13]

[YLPCO7]

[YPPK14]

contact fused thiophene{diketopyrrolopyrrole copolymer traristors using a
photolithographic metal lift-o process. In: Organic Electronics 20 (2015),
pp. 55{62. http://dx.doi.org/10.1016/j.orgel.2015.01.002

Xu, J.; Pan, Q.; Shun, Y.; Tian , Z.: Grain size control and gas sensing
properties of ZnO gas sensor. InSensors and Actuators B: Chemical
66 (2000), no. 1-3, pp. 277{279.http://dx.doi.org/10.1016/S0925-
4005(00)00381-6

Yuan, Y.; Giri , G.; Ayzner , A. L.; Zoombelt , A. P.; Mannsfeld , S.
C. B.; Chen, J.; Nordlund , D.; Toney , M. F.; Huang , J.; Bao, Z.:
Ultra-high mobility transparent organic thin Im transistors grown by an
0 -centre spin-coating method. In: Nature communications5 (2014), pp.
3005. http://dx.doi.org/10.1038/ncomms4005

Yamabi, S.; Imai, H.: Growth conditions for wurtzite zinc oxide Ims in
aqueous solutions. In:Journal of Materials Chemistry 12 (2002), no. 12,
pp. 3773{3778.http://dx.doi.org/10.1039/b205384e

Yang , H.; Jiang , P.: Large-scale colloidal self-assembly by doctor blade
coating. In: Langmuir : the ACS journal of surfaces and colloid&6 (2010),
no. 16, pp. 13173{13182http://dx.doi.org/10.1021/la101721v

Yoon, J.-Y.; Jeong, S.;Lee, S. S.;Kim, Y. H.; Ka, J.-W.; Yi, M. H,;
Jang, K.-S.: Enhanced performance of solution-processed organic thin
Im transistors with a low-temperature-annealed alumina interlayerbe-
tween the polyimide gate insulator and the semiconductor. IPACS applied
materials & interfaces 5 (2013), no. 11, pp. 5149{5155http://dx.doi.
0rg/10.1021/am400996q

Yang , M.; Liang , T.; Peng, Y.; Chen, Q.. Synthesis and characteriza-
tion of a nanocomplex of ZnO nanoparticles attached to carbon natubes.
In: Acta Physico-Chimica Sinica23 (2007), no. 2, pp. 145{151http://
dx.doi.org/10.1016/S1872-1508(07)60012-6

Yoo, S.-H.; Park , M.-K.; Park , J.-S.; Kim, H.-R.: Enhanced adhesion
and transmittance uniformity in laminated polymer-dispersed liquid gystal

227



Bibliography

Paderborn University

[YSLY16]

[ZAK* 11]

[ZDZC09]

[ZGK* 93]

[ZRL* 13]

228

Ims. In: Journal of the Optical Society of Koreal8 (2014), no. 6, pp. 753{
761. http://dx.doi.org/10.3807/JOSK.2014.18.6.753

Yun, D.-J.; Seo, G.-h.; Lee, W.-h.; Yoon , S.-M.: Improvements in
sensing responses to ammonia gas for the In-Ga-Zn-O thin- Im tngistor
using atomic-layer-deposited ZnO nanoparticles as gas sensitizéns ECS
Transactions 75 (2016), no. 10, pp. 235{240.http://dx.doi.org/10.
1149/07510.0235ecst

Zschieschang , U.; Ante , F.; Kalblein , D.; Yamamoto , T.;
Takimiya , K.; Kuwabara , H.; lkeda , M.; Sekitani , T.; Someya, T.;
Nimoth , J. B.; Klauk , H.: Dinaphtho[2,3-b2',3'-f]thieno[3,2-b]thiophene
(DNTT) thin- Im transistors with improved performance and stabilit y. In:
Organic Electronics 12 (2011), no. 8, pp. 1370{1375ttp://dx.doi.org/
10.1016/j.0rgel.2011.04.018

Zhang , Q.; Dandeneau , C. S.;Zhou, X.; Cao, G.: ZnO nanostructures
for dye-sensitized solar cells. InAdvanced Materials21 (2009), no. 41, pp.
4087{4108.http://dx.doi.org/10.1002/adma.200803827

Zupac, D.; Galloway , K. F.; Khosropour , P.; Anderson , S. R
Schrimpf , R. D.; Calvel , P.: Separation of e ects of oxide-trapped
charge and interface-trapped charge on mobility in irradiated powdMOS-
FETs. In: IEEE Transactions on Nuclear Science40 (1993), no. 6, pp.
1307{1315.http://dx.doi.org/10.1109/23.273537

Zaki, T.; Redel , R.; Letzkus , F.; Richter , H.; Zschieschang , U.;
Klauk , H.; Burghartz , J. N.: AC characterization of organic thin- Im
transistors with asymmetric gate-to-source and gate-to-draiaverlaps. In:
Organic Electronics 14 (2013), no. 5, pp. 1318{132Attp://dx.doi.org/
10.1016/j.0rgel.2013.02.014



LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS

Symbols
A e ective Richardson constant
C capacitance
Cins vrrvrrrennnnnnn. gate capacitance per unit area
Co v e ective gate capacitance per unit area
Csem «ovvvrrrnnnnnnn. capacitance of the semiconductor per unit aa
dr oo threshold depth
fo oscillation frequency
€€ i, electron, elementary charge (@02 10 °C)
E . electric eld
Ec ... conduction band
Er oo Fermi level
Ev v valence band
O veverenneneinanns transistor transconductance
h o thickness of the accumulation layer in theesniconductor
lps;lp «oveeeiiiitt. drain-source current
lgsilg it gate-source current
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loFF v transistor o -state current

lon eviei transistor on-state current

J o current density

Jo saturation current density

K o Boltzmann constant

K oo relative permittivity

Lo channel length of the transistor
N charge carrier density

N number of inverters in the chain of the ring scillator circuit
NM noise margin of inverter circuits

NML o noise margin for low levels

NMy oo noise margin for high levels

o I elementary electric charge (602 10 °C)
Q . total electric charge

Ra it roughness average

Re viviiii, contact resistance

Rp ot contact resistance at the drain electrode
o contact resistance at the source electred
S subthreshold swing

T temperature

T period of the oscillation
L propagation time

Bins veeeeeeeeean, thickness of the insulator

Bint  veeeeeeeeeeeeens position of the semiconductor/gate dielecic interface
Bsem vvvvreeiia thickness of the semiconductor
Voo applied voltage

VDD cieeiiiiaa supply voltages

VosiVbo veii drain-source voltage

VosiVo cvviiininnn.. gate-source voltage
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VIH o input high voltage of inverter cicuits
ViL input low voltage of inverter circuits
VIN et input voltage

VOH cvrveneennnnnn. output high voltage of inverter circuits
VoL v output low voltage of inverter circuits
VON toieenieeannnn. turn-on voltage

VOoUT vvvvveinnnnnnn output voltage

Voo o threshold voltage

W channel width of the transistor

................... geometry ratio of inverter circuits

W, width of the metal-semiconductor barrier
................. image-forced lowering of the barrier height
O e vacuum permittivity
1S +eveereerrrennnns relative permittivity of the insulator
S re e relative permittivity of the semiconductor
................... ideality factor
................... wavelength
................... charge carrier mobility
QUG r et average mobility
€ ceerrresererienn e ective mobility
FE  vvernnnnnnnnns. eld-e ect mobility
NG ereeneaeee e incremental mobility
SOt e e rreeeeeeeenees saturation mobility
BN vreeene e barrier height on an-type semiconductor
M e work function of a metal

................... electron a nity
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Chemical Elements and Compounds

Ag oo silver

Al o aluminum

AN ...l aluminum nitride
Al,Os ... aluminum oxide
Ar oo argon

Au ... gold

Cd ...t cadmium

CdS ... cadmium sul de
CH3{COOH ....... acetic acid

O chlorine

CHsF .............. uoromethane

Cu ..o copper

Ga ... gallium

GaAs ............... gallium arsenide
GaznO ............. gallium zinc oxide
He ................. helium

HNO3; .............. nitric acid

HO oo water molecule
HoOp ool hydrogen peroxide
HsPOy oot phosphoric acid
Lo iodine

In . indium

IN,O3 ...l indium oxide
InGaO ............. indium gallium oxide
InGaZznO ........... indium gallium zinc oxide
INZnO .............. indium zinc oxide
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NaOH .............. sodium hydroxide
S nitrogen

NH4F ool ammonium uoride
NH,OH ............ ammonium hydroxide
oHl ............... hydroxide

O i oxygen

Si silicon

a-Si ... amorphous Si

a-SitH .............. hydrogenate amorphous silicon
poly-Si ............. polycrystalline silicon
SIO ... silicon monoxide
SIO i silicon dioxide

Sn o tin

SNnG, . tin dioxide
T titanium

TiIOo v titanium dioxide

Vo i oxygen vacancies

4 3 zinc

N zinc interstitials
ZN(AC)2 ... zinc acetate
ZN(NO3z)2 ....vn.... zinc nitrate

Zn0 ... zinc oxide

Zn0O xH,O ........ zinc oxide hydrate
Zn(OH),(NH3)x .... ammine-hydroxo zinc
ZnSnO ............. zinc tin oxide
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Abbreviations and Acronyms

2-ME ... 2-methoxyethanol

ALD ............... atomic layer deposition

ALU .. ....... ... arithmetic logic unit

AMOLED .......... active-matrix organic light-emitting diode

AZO ..., aluminum zinc oxide

Cg{BTBT ......... 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
CCD ............... charge-coupled device

CYTOP ............ poly(per uorobutenylvinylether)

D . drain electrode

DLE ............... deep-level emission

DNTT ............. dinaphtho[2,3-b:2,3-f]thieno[3,2-b]thiophene

FE ......... ..., eld-emitted charge carriers

GIZO .............. indium gallium zinc oxide

GZO ............... gallium zinc oxide

HOMO ............. highest occupied molecular orbital for orgaa materials
HVPE .............. hydride or halide vapor-phase epitaxy

IEEE ............... Institute of Electrical and Electronics Ergineers
IGO ................ indium gallium oxide

IoE ...l Internet of Everything

loT ..o Internet of Things

ITO ...t indium tin oxide

74 © indium zinc oxide

LCD ............... liquid-crystal display

LUMO ............. lowest unoccupied molecular orbital for orgaic materials
MBE ............... molecular-beam epitaxy

MOCVD ........... metal-organic chemical-vapor deposition
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MOSFET .......... metal-oxide-semiconductor eld-e ect trarsistor
NBE ............... near-band edge emission

NMP ............... N-methyl-2-pyrrolidone

PC ... polycarbonate

PDMS ............. polydimethylsiloxane

PECVD ............ plasma-enhanced chemical vapor deposition
PEEK .............. polyether ether ketone

PEN ............... polyethylene naphthalate

PET ............... polyethylene terephthalate

PES ................ polysulfone

PGMEA ........... propylene glycol methyl ether acetate

Pl oo polyimide

PL .. photoluminescence

PLD ............... pulsed-laser deposition

PMCF-m ........... poly(melamine-co-formaldehyde)-methylatd
PMMA ............. poly(methylmethacrylate)

PP .. polypropylene

PS ... polystyrene

PTFE .............. poly(tetra uoroethene)

PVA ... poly(vinylalcohol), polyvinyl alcohol

PVC ............... polyvinyl chloride

PVP ... poly(4-vinylphenol)

RF ... radio-frequency

RFID .............. radio-frequency identi cation

RH ................. relative humidity

RIE ................ reactive ion etching

RTS ................ random telegraph signal

S source electrode

SRAM ............. static random-access memory
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TE ... thermionic-emitted charge carriers
TFE ............... thermionic- eld emitted charge carriers
TFT .l thin- Im transistor

UV ultraviolet

UV Vis ............ ultraviolet-visible

VLSI ............... very-large-scale integration

VTIC ............... voltage transfer characteristic

ZTO ..., zinc tin oxide
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